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PREFACE 
There i s  i n c r e a s i n g  concern about  man's  impact on c l i m a t e .  
Studying t h i s  problem one comes t o  r e a l i z e  t h a t  t h i s  i n f l u e n c e  
i s  n o t  s o  much f e l t  as a v a r i a t i o n  of t h e  average  v a l u e s  of  
q l o h a l  c l i m a t e ,  such as t empera ture  and p r e s s u r e .  Of concern 
i s  i n s t e a d  a  change i n  t h e  c l i m a t o l o g i c a l  p a t t e r n s ,  w i th  t h e  
average  v a l u e s  changing very  l i t t l e .  
Actua l ly  t h i s  cou ld  be  a change i n  r a i n f a l l  p a t t e r n s ,  f o r  
example. Among o t h e r  e f f e c t s ,  i n c r e a s i n g  l e v e l s  of  carbon d i o x i d e  
could  cause  a man-made g l o b a l  warming. 
While it i s  imposs ib le  t o  determine such changes i n  c l i m a t e  
p a t t e r n s  g iven  t h e  p r e s e n t  s ta te  of t h e  a r t ,  w e  cons ide r  it per-  
haps u s e f u l  t o  s tudy  t h e  changes t h a t  occur red  i n  t h e  c l i m a t e  
p a t t e r n s  of t h e  p a s t .  Today's  h igh ly  s o p h i s t i c a t e d  knowledge i n  
paleometeorology a l l ows  t o  under take  such a venture--a r e s e a r c h  
a c t i v i t y  t h a t  may a l s o  be  c r u c i a l  f o r  ou r  unders tanding  of  t h e  
forthcoming C 0 2  problem. 
P r o f e s s o r  Flohn has  s t u d i e d  t h i s  q u e s t i o n  a long  t h e s e  l i n e s ,  
making u s e  of i n fo rma t ion  a v a i l a b l e  t o  him as of May 1978 .  H e  
wrote  t h i s  r e p o r t  under t h e  p r o j e c t  "Comparison of Energy Opt ions ,  
a Methodological  Study",  kponsored j o i n t l y  by t h e  United Nat ions  
Environment Programme (UNEP) and IIASA. 
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EXECUTIVE SUMMARY 
C l i m a t i c  changes  and m o d i f i c a t i o n s  are n o t  r e s t r i c t e d  t o  
t h e  a tmosphere  i n  which t h e y  a r e  mainly  obse rved .  They o c c u r  
w i t h i n  t h e  c l i m a t i c  sys tem c o n s i s t i n g  o f  a tmosphere ,  o c e a n s ,  s o i l  
and v e g e t a t i o n ,  snow and ice ,  and t h e i r  m u l t i p l e  i n t e r a c t i o n s .  
The c h a r a c t e r i s t i c  time-scales of t h e s e  subsys tems v a r y  between 
a few days  (a tmosphere )  and up t o  106 y e a r s  ( A n t a r c t i c  ice  dome). 
E x t e r n a l  e f f e c t s - - h y p o t h e t i c a l  v a r i a t i o n s  i n  s o l a r  r a d i a t i o n ,  
v o l c a n i c  e rup t ions - -add  t o  t h e  n o n l i n e a r  i n t e r n a l  i n t e r a c t i o n s ,  
b u t  a r e  as y e t  u n p r e d i c t a b l e .  Of s p e c i a l  i n t e r e s t  a r e  t h e  most 
s e n s i t i v e  i n t e r n a l  i n t e r a c t i o n s ,  between t h e  a tmosphere  and t h e  
t h i n  d r i f t i n g  sea ice,  and between t h e  a tmosphere  and t h e  o c e a n s  i n  
t h e  r e g i o n s  o f  f r e q u e n t  u p w e l l i n g  a l o n g  t h e  e q u a t o r  and some 
c o a s t s .  The h e a v i l y  g l a c i a t e d  A n t a r c t i c  c o n t i n e n t  c a u s e s  a 
marked h e m i s p h e r i c  asymmetry of  t h e  a tmospher ic -ocean ic  c i r c u l a -  
t i o n  and of t h e  p o s i t i o r s o f  t h e  l a r g e  c l i m a t i c  b e l t s .  A p o s s i b l e  
p a r t i a l  i n s t a b i l i t y  of  t h e  Wes t -Anta rc t i c  ice  s h e e t  and i t s  r o l e  
i n  s e a - l e v e l  changes  i s  a l s o  d i s c u s s e d .  
Man-made impac t s  on t h e  climate a r e  obvious  a t  a  l o c a l  s c a l e  
( d i r e c t  h e a t  o u t p u t ,  a t m o s p h e r i c  p o l l u t i o n ,  changes i n  s u r f a c e  
a l b e d o  ( r e f l e c t i v i t y ) ,  h e a t  s t o r a g e ,  and w a t e r  b u d g e t ) .  More 
i m p o r t a n t ,  however,  a r e  t h e  i m p l i c a t i o n s  o f  t h e  i n c r e a s e  i n  
ca rbon  d i o x i d e  and some a t m o s p h e r i c  trace g a s e s :  t h e i r  l o n g  
r e s i d e n c e  t i m e  between 5  and a b o u t  50 y e a r s ,  t h e i r  l a r g e - s c a l e  
t u r b u l e n t  mixing caused  by t h e  a tmospher ic  c i r c u l a t i o n ,  and ,  
above a l l ,  t h e i r  a b s o r p t i o n  i n  t h e  i n f r a r e d  p o r t i o n  o f  t h e  spec-  
t rum produce  a  combined greenhouse effect which t e n d s  t o  w a r m  
t h e  t r o p o s p h e r e  and c o o l  t h e  s t r a t o s p h e r e .  The b e s t  models 
a v a i l a b l e  i n d i c a t e  a  r e p r e s e n t a t i v e  warming o f  t h e  s u r f a c e  l a y e r s  
of  a b o u t  20C w i t h  a  d o u b l i n g  o f  C02 c o n c e n t r a t i o n  i n  low and 
midd le  l a t i t u d e s ;  t h i s  warming i n c r e a s e s  t o  5-10°C i n  p o l a r  
l a t i t u d e s ,  due  t o  t h e  feedback  between snow o r  i c e ,  s u r f a c e  
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albedo and tempera ture .  The e f f e c t  of o t h e r  t r a c e  g a s e s ,  
e s p e c i a l l y  of n i t r o g e n  ox ide ,  one of t h e  f i n a l  p roduc t s  of n i t r o -  
gen f e r t i l i z e r s ,  adds some 50% o r  more t o  t h e  C02 e f f e c t ,  a cce l -  
1: l ng .  e r a t i n g  t h e  expec ted  g l o b a l  war?' 
By us ing  one of t h e  most r e l i a b l e  r a d i a t i o n  models f o r  t h e  
r e l a t i o n  between C 0 2  c o n t e n t  and r e p r e s e n t a t i v e  tempera ture  
change ( t o g e t h e r  w i th  a s e l e c t i o n  of  l o g i s t i c  C02 growth func- 
t i o n s ) ,  one o b t a i n s  an e s t i m a t e  of f u t u r e  tempera ture  e v o l u t i o n  
t h a t  i s  dependent on t h e  i n i t i a l  growth r a t e  ( s e e  f i g u r e ) .  Some 
t h r e s h o l d s  of  t empera tu re  i n c r e a s e  can be  s e l e c t e d  a s  r ep re -  
s e n t i n g  some p a s t  w a r m  phases  d u r i n g  t h e  long h i s t o r i c a l  evolu- 
t i o n  of t h e  e a r t h ' s  c l i m a t e .  A g l o b a l  man-made warming of 0 . 2 O ~  
a s  assumed f o r  t h e  p a s t  80 y e a r s  cannot  be found w i t h i n  t h e  
n a t u r a l  f l u c t u a t i o n s .  An i n c r e a s e  of 0.4-0.5OC can unambiguous- 
l y  be e v a l u a t e d  from t h e  e x i s t i n g  d a t a  s o u r c e s ;  t h i s  l e v e l  w i l l  
probably be reached  between 1990 and 2000. 
S ince  r e a l l y  comprehensive models of t h e  c l i m a t i c  system a s  
a whole and i t s  i n t e r a c t i o n s  a r e  n o t  y e t  a v a i l a b l e  and cannot  
be expec ted  t o  be forthcoming soon,  a scenario based on warm 
paZeocZirnatic phases ( s e e  t a b l e )  i s  presen ted  i n  t h i s  paper .  
Such a s c e n a r i o  can be used as a c o n d i t i o n a l  f o r e c a s t  on ly  i f  
t h e  fo l lowing  n a t u r a l  f a c t o r s  remain c o n s t a n t :  no change i n  t h e  
s o l a r  c o n s t a n t ,  no major c l u s t e r  of  v o l c a n i c  e r u p t i o n s ,  no d i s -  
i n t e g r a t i o n  of  t h e  West-Antarct ic  i c e  s h e e t ,  and no changes i n  
c loud ines s .  Fur thermore,  t h e  changes i n  t h e  boundary c o n d i t i o n s  
s i n c e  t h e  occu r rence  of  p a s t  warm phases  (changes i n  v e g e t a t i o n ,  
s e a  l e v e l ,  mountain b u i l d i n g )  must also  be  t aken  i n t o  account .  
Table.  Combined greenhouse effect, C 0 2  c o n t e n t  ( i n  ppm), and 
p a l e o c l i m a t i c  warm phases .  
P a l e o c l i m a t i c  warm phases  V i r t u a l  Real C 0 2  c o n t e n t  C02 con ten ta  
+ 1.0 C Ear ly  Middle Ages (-1000 AD) 420-490 385-430 
+ 1.5 b Holocene Optimum (-6000 BP ) 475-580 420-490 
+ 2.0 Eem I n t e r g l a c i a l  
(-1 20,000 BP) 
+ 2.5 
+ 4.0 I c e - f r e e  A r c t i c  ocean 
(12-2.5 m i l l i o n  y e a r s  BP) 
AT = r e p r e s e n t a t i v e  warming i n  l o w  and tempera te  l a t i t u d e s .  
a  The C 0 2  greenhouse e f f e c t  i s  i n c r e a s e d  by 50% on account  of 
a tmospher ic  t r a c e  gases .  The e q u i v a l e n t  C02 c o n t e n t  i s  based 
on t w o  extreme v e r s i o n s  of t h e  model by Augustsson and Rama- 
nathan (1977) ;  t h e  m o s t  l i k e l y  v a l u e  l i e s  between t h e  extremes.  
b b e f o r e  p r e s e n t .  
During t h e  medieva l  w a r m  p h a s e  (-1000 A D ) ,  t h e  sea ice  around 
Greenland r e t r e a t e d ,  c a u s i n g  more n o r t h e r l y  c y c l o n e  t r a c k s  and 
f r e q u e n t  d r y  a n t i c y c l o n i c  c o n d i t i o n s  f o r  Europe. Much e v i d e n c e  
e x i s t s  f o r  t h e  Holocene W a r m  P e r i o d  (-6000 BP) ,  when it w a s  n e a r -  
l y  everywhere  more humid t h a n  t o d a y ,  e s p e c i a l l y  i n  t h e  a r i d  b e l t  
o f  t h e  Old World, where t h e  d e s e r t  w a s  r e p l a c e d  by s e m i a r i d  g r a s s -  
l a n d  d e n s e l y  p o p u l a t e d  by c a t t l e - r a i s i n g  nomads. Here t h e  r o l e  
o f  n a t u r a l  and  m a n - t r i g g e r e d  p r o c e s s e s  ( re t reat  of  t h e  Nor th  
American ice s h e e t ,  b e g i n n i n g  o f  d e s e r t i f i c a t i o n )  i s  d i s c u s s e d :  
under  p r e s e n t  boundary c o n d i t i o n s  a r e t u r n  t o  a s i m i l a r  r e g i o n a l  
climate i s  u n l i k e l y .  
More warming, i. e. +2.0-2. ~ O C ,  would be  e q u i v a l e n t  t o  t h e  
warmest i n t e r g l a c i a l  p e r i o d  120,000 y e a r s  a g o ,  undergo ing  marked 
s h i f t s  of v e g e t a t i o n  b e l t s  and  c o a s t a l  l i n e s  d u e  t o  a s e a - l e v e l  
r ise  o f  5-7 m ,  which w e r e  p r o b a b l y  c a u s e d  by a p a r t i a l  d i s i n t e -  
g r a t i o n  o f  t h e  West A n t a r c t i c  ice s h e e t .  L i k e  i n  t h e  Holocene 
Warm P e r i o d ,  t h e  climate w a s  somewhat moister t h a n  t o d a y  i n  many 
a r e a s  fo r  which d a t a  are a v a i l a b l e .  But  a b r u p t  c o o l i n g s  o f  a  
n e a r l y  g l a c i a l  i n t e n s i t y  have  a l s o  been o b s e r v e d  for  o t h e r  i n t e r -  
g l a c i a l ~ ,  e a c h  l a s t i n g  f o r  s e v e r a l  c e n t u r i e s .  I f  one  assumes t h e  
c o n t r i b u t i o n  o f  trace g a s e s  t o  t h e  C 0 2  greenhouse  e f f e c t  t o  b e  
50%,  t h e  real  CO l e v e l  e q u i v a l e n t  t o  a 2 . 5 O ~  warming c a n  be  
e s t i m a t e d  t o  b e  g50 ppm f 10%.  A warming i n  t h e  A r c t i c  would 
r e a c h  a b o u t  6-8OC, p r o b a b l y  r e d u c i n g  t h e  A r c t i c  s e a  ice t o  i t s  
c e n t r a l  core between S i b e r i a  and  Canada, and c a u s i n g  a t  t h e  same 
t i m e  a poleward  d i s p l a c e m e n t  o f  cl imatic b e l t s  by s e v e r a l  
hundred k i l o m e t e r s .  
I f  t h i s  l e v e l  r o s e  t o  750 ppm f 1 6 % ,  a r e p r e s e n t a t i v e  
warming o f  40C would be  r e a c h e d .  Model s t u d i e s  and p a l e o c l i m a t i c  
i n v e s t i g a t i o n s  i n d i c a t e  t h a t  t h i s  v a l u e  i s  c l o s e  t o  t h e  critical 
threshold o f  a comple te  disappearance o f  t h e  d r i f t i n g  Arctic sea 
ice. The s e n s i t i v i t y  o f  t h i s  sea ice--now w i t h  a n  a v e r a g e  t h i c k -  
n e s s  o f  o n l y  2-3 m--to changes  i n  s e v e r a l  c l imat ic  f a c t o r s ,  s u c h  
as l e n g t h  of  m e l t i n g  p e r i o d ,  h e a t  f l o w  from t h e  o c e a n ,  and 
s a l i n i t y  (due  t o  a p o s s i b l e  r e d u c t i o n  o f  f r e s h w a t e r  i n f l o w ) ,  i n -  
d i c a t e s  t h a t  s u c h  a d i s a p p e a r a n c e  would p r o b a b l y  t a k e  no  more 
t h a n  a few d e c a d e s  or even  less. The t h e r m i c  c o n d i t i o n s  ment ioned 
above may be  minimum v a l u e s ,  b u t  t h e  p a l e o c l i m a t i c  e v i d e n c e  
c o l l e c t e d  by t h e  Deep-Sea D r i l l i n g  Program h a s  r e v e a l e d  t h a t  a 
pe rmanen t ly  open A r c t i c  sea e x i s t e d  u n t i l  2 .3  or 2.5 m i l l i o n  
y e a r s  ago ,  i n  c o n t r a s t  t o  t h e  fac t  t h a t  t h e  E a s t  A n t a r c t i c  
c o n t i n e n t  h a s  been g l a c i a t e d  s i n c e  12-14 m i l l i o n  y e a r s  ago.  
T h i s  d i s c o v e r y  i s  q u i t e  s u r p r i s i n g  s i n c e  such  a c o n t r a s t  
between a h e a v i l y  g l a c i a t e d  p o l e  and a n  i c e - f r e e  p o l e  must  have  
c r e a t e d  a hemispheric asymmetry o f  t h e  a t m o s p h e r i c - o c e a n i c  c i r -  
c u l a t i o n  t h a t  w a s  much s t r o n g e r  t h a n  t h e  asymmetry e x i s t i n g  
t o d a y .  I n d e e d ,  f o r  t h e  l a s t  t e n  m i l l i o n  y e a r s  b e f o r e  t h e  be- 
g i n n i n g  o f  t h e  p r e s e n t  g l a c i a l - i n t e r g l a c i a l  c y c l e ,  a n  A n t a r c t i c  
ice  dome o f  t o d a y ' s  h e i g h t  (or h i g h e r )  c o e x i s t e d  w i t h  a n  open 
A r c t i c  o c e a n ,  w i t h  t e m p e r a t e  or b o r e a l  f o r e s t s  e x t e n d i n g  t o  
l a t  8 1 - 8 3 O ~ ,  i n t e r s p e r s e d  o n l y  w i t h  some local mounta in  g l a c i e r s ;  
no e v i d e n c e  o f  t u n d r a  o r  p e r m a f r o s t  i n  t h e  s o i l  h a s  been found.  
such an asymmetry of the climate would cause the southern 
arid areas to expand to the vicinity of the equator, displace 
the meteorological (and thermal) equator near lat 1o0FJ, with an 
equatorial rain belt only in the northern hemisphere, and shift 
the northern arid belt to lat 35-4S0~, extending it even to 
southern central Europe. This shift of climatic belts is merely 
a consequence of fundamental circulation theories: with the 
temperature difference between the equator and the poles de- 
creasing, the area of the tropical-subtropical circulation belt 
increases, while the temperate and subpolar belt of westerlies 
shrinks toward the North Pole. Since no comprehensive climate 
model of this unexpected pattern has been designed so far, de- 
tailed forecasts of the regional climates after such an event 
are not possible. Simple extrapolation of the climate of the 
Late Tertiary (12-2.5 million years ago) is not admissible 
because of the displacement of continental coasts and the build- 
ing and lifting of most of today's mountains at and since that 
time. The s t a b i l i t y  of this pattern over a period of as long 
as ten million yea.rs must now be considered a fact. A return 
to this pattern would most probably lead, after a series of cata- 
strophic weather extremes, to a displacement of the earth's 
climatic zones by 400-800 km. This would necessarily affect 
mankind as a whole: beneficially in some areas, but destructively 
in many others, drastically changing freshwater supply and 
agricultural productivity. 
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POSSIBLE CLIMATIC CONSEQUENCES 
OF A MAN-MADE GLOBAL WARMING 
H. Flohn 
NATURAL AND MAN-MADE CLIMATOGENETIC EFFECTS 
The recent discussion on the physical background of climatic 
fluctuations (GARP 1975) aims at one of the basic problems of the 
geophysical sciences, and not of meteorology alone. Climatogene- 
sis occurs not only within the atmosphere but within a climatic 
system (Figure 1) that consists of several interacting subsystems 
with quite different time-scales ("memories" in the usual scien- 
tific slang). That this system is apparently fairly well balanced 
can be concluded from the climatic history of the past 5000 years, 
when only secondary climatic fluctuations occurred. But even 
these were effective enough to seriously disturb man's economy 
and to challenge his bare existence in marginal areas of the 
polar or arid zones. Many of the physical causes assumed by non- 
specialists to produce climatic changes are indeed internal 
effects within the climatic system: for example, an expansion 
of the Arctic sea ice is, at the same time, cause and effect of 
climatic fluctuations. Some examples of such feedback responsible 
for climatic fluctuations will be considered in Chapter 11: 
Internal Climatogenetic Processes. 

External effects operate without, or with only negligible, 
interaction. The examples given most frequently (and correctly) 
are heavy volcanic eruptions of the explosive (~linian) type: 
they produce large numbers of small particles in the submicron 
range, floating in the stratosphere (in the Junge layer at about 
20-22 km), concentrating in polar regions, and absorbing and 
scattering parts of solar radiation. This leads (Oliver 1976; 
Mass, and Schneider 1977; Pollock et al. 1976) to worldwide 
cooling that increases with the high-latitude feedback between 
snow, albedo, and temperature. The frequency of these eruptions 
varies much with time (Lamb 1970; Kennett 1977a, 1977b; Kennett 
et al. 1975, 1977b); together with earthquakes they are apparent- 
ly triggered by the slow but discontinuous motion of tectonic 
plates of the earth's crust. The role of fluctuations of solar 
radiation in the visible and near-infrared part of the spectrum 
is still controversial among specialists--continuous high- 
precision measurement above the level of pollutants in the denser 
layers of the atmosphere would be needed, preferably from a 
satellite. There are strong variations in the particle emission 
of the sun (protons) and its radiation in the far-ultraviolet or 
roentgen range; their possible role in the climate- and weather- 
producing troposphere (below 200 mb, or approximately 12 km) is 
also still controversial and will not be discussed here. Other 
extraterrestrial effects, if existing, are negligibly small. 
It is generally agreed that man-made effects (see e.g. Bach 
1976a and b) have up to now only been perceptible at a local and 
microscale, e.g. in cities or industrial centers. The role of 
atmospheric dust (in the 1-10 micron range) has sometimes been 
overrated--at a regional scale it may exist in some deserts or 
semideserts (notably Central Asia and the Middle East), or in 
large metropolitan areas. Its effect depends not only on the 
size and quality of the particles but also on the surface albedo 
(reflectivity); a warming effect seems to prevail, at least in 
continental areas. The role of waste heat is restricted to the 
local scale; even if it were to increase substantially, the short 
residence time of enthalpy in the atmosphere, which is on the 
order of hours and days, will most probably inhibit any large 
c o n t r i b u t i o n .  I n  c o n t r a s t  t o  t h e  r a t h e r  s h o r t  r e s i d e n c e  t ime  of 
t r o p o s p h e r i c  p a r t i c l e s ,  which i s  on t h e  o r d e r  of  days  o r  weeks, 
t h e  r e s i d e n c e  t i m e  of  i n f r a r e d - a b s o r b i n g  g a s e s ,  such as C02, i s  
much l o n g e r ,  i . e .  on t h e  o r d e r  o f  y e a r s  and decades .  A more 
d e t a i l e d  t r e a t m e n t  w i l l  be g iven  i n  Chapte r  111: The "Combined 
Greenhouse E f f e c t "  of  C 0 2  and Atmospheric Trace  Gases. 
Omitted h e r e  are some s low,  b u t  c e r t a i n l y  e f f e c t i v e ,  man- 
made changes a c t i n g  v i a  t h e  b io sphe re -  and t h e  s o i l :  d e s t r u c t i o n  
of v e g e t a t i o n  and i t s  conve r s ion  i n t o  a r a b l e  l and  and/or pas- 
t u r e s ,  i n c l u d i n g  s o i l  e r o s i o n ,  d e s i c c a t i o n  of swamps, l a k e s ,  and 
2 
marshes ,  l a r g e - s c a l e  i r r i g a t i o n  (now a t  abou t  2 .3  x  1 o 6  km ) and 
2  
r e s e r v o i r s  (now abou t  0.5 x  l o 6  km , n o t  i n c l u d i n g  t h e  m u l t i t u d e  
of  sma l l  t a n k s  and p o n d s ) ,  and s e a l i n g  of t h e  s u r f a c e  by c o n c r e t e  
and o t h e r  b u i l d i n g  m a t e r i a l s .  T h e i r  c l i m a t i c  e f f e c t  o p e r a t e s  
th rough  s e v e r a l  p h y s i c a l  paramete rs :  s u r f a c e  a lbedo  and rough- 
n e s s ,  s o i l  m o i s t u r e  and e v a p o t r a n s p i r a t i o n ,  t e r r e s t r i a l  ( i n f r a -  
r e d )  r a d i a t i o n ,  and a b s o r p t i o n  by wa te r  vapor.  A l l  of t h e s e  
p r o c e s s e s  a r e  a t  f i r s t  r e l e v a n t  a t  a  l o c a l  s c a l e - - a t  a g l o b a l  
s c a l e  t h e y  o p e r a t e  q u i t e  s lowly .  But a t  leas t  s i n c e  t h e  Neo- 
l i t h i c  r e v o l u t i o n  about  5000 y e a r s  ago,  c o n t i n e n t a l  s u r f a c e s  
have been s u b j e c t  t o  e x p o n e n t i a l l y  i n c r e a s i n g  changes ,  a f f e c t i n g  
2 
now a t  l e a s t  30% of t h e  c o n t i n e n t s ,  o r  some 45 x 1 o 6  km . The 
e f f e c t  i s  probably  even much o l d e r :  P a l e o l i t h i c  man a l r e a d y  knew 
how t o  u se  f i r e  f o r  hun t ing  ( e .g .  i n  A u s t r a l i a ) .  D e s t r u c t i o n  of 
n a t u r a l  v e g e t a t i o n  has  reached  an a la rming  r a t e  (FA0 s t a t i s t i c s ,  
r e p o r t e d  a t  t h e  Second I n t e r n a t i o n a l  Conference on Environmental  
Fu tu re  a t  Reykjavik ,  1 9 7 5 ,  Po lun in ,  e d . ,  for thcoming)  c l a i m  t h e  
annua l  r a t e  o f  d e s t r u c t i o n  o f  t r o p i c a l  f o r e s t s ,  which p l a y s  a 
2 b i g  p a r t  i n  t h e  C02  c y c l e ,  now t o  be  110,000 km , and t e n d s  t o  
i n c r e a s e  t h e  s u r f a c e  a lbedo  everywhere;  t h i s  i s  one of t h e  few 
man-made p r o c e s s e s  t h a t  l e a d  t o  c o o l i n g ,  a t  l e a s t  i n  c a s e s  where 
t h e  d e c r e a s e  i n  evapot ransp i ra t ion  does  n o t  cause  an i n c r e a s e  i n  
s e n s i b l e  h e a t i n g .  
Due t o  t h e  complexi ty  o f  t h e  c l i m a t i c  system and t h e  l a c k  
o f  models s u i t a b l e  f o r  s i m u l a t i n g  t h e  e s s e n t i a l  i n t e r a c t i o n s  
between i t s  subsystems ( F i g u r e  I ) ,  any a t t emp t  t o  p r e d i c t  c l i m a t -  
i c  changes i n  t o t o  i s  u s e l e s s  a t  t h e  p r e s e n t  t ime ,  a t  l e a s t  i f  
t h e  f o r e c a s t  should  ex tend  beyond one year .  Most e s s e n t i a l  and 
s o b e r i n g  i n  t h i s  r e s p e c t  i s  t h e  mere f a c t  t h a t  e x t e r n a l  e f f e c t s  
are yet unpredictable, and will remain so for some time. Instead 
there is some hope for the feasibility of conditional prediction 
(also defined rather vaguely as "prediction of the second kind"). 
Such a prediction may start out from the assumption that external 
effects, and perhaps also some of the interactions, do not change: 
what will then be the climatic consequences of one or another 
man-made process, e.g. of an increase in C02? All other factors 
being held constant, it should be possible to outline, separately 
or in combination, the possible effects of processes made or 
triggered off by man with the help of simplified or more sophis- 
ticated models. In this way our understanding of climatogenetic 
processes can at least be systematically improved. 
In spite of the fascinating progress we have made by design- 
ing physicomathematical models of atmospheric circulation, no 
model can, at present, adequately describe the climatic system as 
a whole, including the highly effective positive or negative feed- 
back mechanisms within and between the subsystems. A careful 
and critical evaluation of the existing limitations to surface 
climate modeling has been given by Manabe and Holloway (1975), 
who use Kbppen's classification for comparing model results and 
reality. No model has yet demonstrated, with sufficient accuracy 
and horizontal resolution, an ability to simulate the present 
surface climate including its seasonal variation, which is one 
of the most severe and convincing capability tests. One of the 
main drawbacks is the lack of effective parameterization of 
subgrid-scale processes, another the limited capability of even 
the most powerful computers available. These sober statements 
must never underrate the achievement of our enthusiastic model 
designers--climate forecasting is indeed, as John von Neumann 
put it 25 years ago, in an unforgettable manner, the second most 
difficult task for a computer, perhaps more difficult than even 
von Neumann could visualize. There is little doubt that in a 
foreseeable future more advanced climate models, probably com- 
bining deterministic and stochastic approaches, will be able to 
present satisfactory solutions, at least for the case of condi- 
tional prediction. 
Realizing this situation, it has been proposed to use, 
instead of models on a physical and mathematical basis, a 
scenario that is derived mainly from past climates. This is a 
scientific tool with a historical (and geological) basis, 
essentially but not exclusively an' empirical approach, and cer- 
tainly not without specific limitations. Since it is necessary 
to look back not for only 1000 or 6000 years (Section Va: Medieval 
Warming, Section Vb: Holocene Warm Period and the Humid Sahara), 
but for lo5 (Section Vc: Last Interglacial (Eem Sensu Stricto) ) 
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and eventually 10 -10 years (Chapter VI: Ice Free Arctic Versus 
Glaciated Antarctic?), the boundary conditions of the climatic 
system vary to such a degree that past experience, just like 
sensitivity tests for a fairly sophisticated model, can only be 
used as a first guide into what may happen in a foreseeable 
future. Nevertheless, in spite of this nearly unimaginable time- 
scale, our interest has to be restricted just to what could be 
considered man's time-scale, to what can be expected over the 
next 50-100 years. Compared with a model, a scenario has one 
advantage: It describes a situation that has indeed occurred 
and may therefore arise again. Learning from history means to 
check how nature has solved the complete set of equations 
simultaneously and on-line, in all subsystems and at all scales, 
with a fully four-dimensional, i.e. time-dependent, approach. 
Since the boundaryconditions are varying slowly, but permanently, 
climatic history can never repeat itself in all details but only 
in substance. 
For these reasons, a scenario for a possible future evolu- 
tion must be based on the three assumptions: 
1. no major change in solar radiation (solar "constant"); 
2. no unusual clustering of major volcanic eruptions; 
3. no unusually large advance ("surge") of the Antarctic 
ice shelves (see Section IIb: The Role of the Antarctic 
Continental Ice Sheet). 
These assumptions are made because of the unpredictability 
of such natural effects; effects 1. and 3. are still hypothetical. 
A fourth necessary assumption only refers to our present 
lack of knowledge: 
4. no significant variation of average cloudiness. 
Indeed, the interaction between radiation (dependent on 
wavelength) and clouds (dependent on size distribution of drop- 
lets and crystals, on cloud type and altitude, on pollution 
particle content) is not well understood. However, many scien- 
tists feel that this concern should not be overemphasized (Cess 
1976, 1977). Two reasons are given here (see Figure 8, p.37): 
The bulk of clouds is formed (dissolved) in ascending 
(subsiding) motion of different scales: due to the law 
of conservation of mass all vertical motions are well 
balanced. Only a few percent of low-level stratus and 
thin cirrus trails are now manipulated by man. 
Global warming due to infrared absorption ("Greenhouse 
effect") decreases with height and reverses its sign in 
the stratosphere (Figure 6, p.28); in this case the overall 
thermal stability of the troposphere will decrease and, 
consequently, also the frequency of stratus clouds, 
while vertical mixing will increase. With his NCAR 
model, Roads (1978) demonstrated that fractional cloudi- 
ness and relative humidity may even decrease with 
increasing temperature. 
INTERNAL CLIMATOGENETIC PROCESSES 
The Role of Polar Sea Ice 
Large areas in both polar regions are, permanently or 
seasonally, covered by a thin blanket of ice floes separated by 
narrow strips of open water (polynyas, leads). The ice floes, 
which are covered by snow for most of the year, have an albedo 
(reflectivity) of almost 80%. This is in contrast to the albedo 
of open water, which is only 8-12% in polar regions when the sun 
is low in the sky. During the m e l t i n g  s e a s o n  (which in the 
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Figure 2. Tentative heat budgets of the atmosphere above the Antarctic 
(Schwerdtfeger 1976, partly revised) and Arctic (Schwerdtfeger 
1970, Vowinckel and Orvig 1970); reproduced from Flohn 
(1978a) . 
Central Arctic is restricted to about ten weeks between mid-June 
and the end of August), the albedo of the ice floes decreases to 
about 60$, and superficial ponds of meltwater occur, which 
appear light-blue when seen from an airplane. 
The relative area of polynyas varies between 2-3% in winter 
and up to 12-20% in the melting season (Vowinckel and Orvig 1970; 
Untersteiner 1975). The average thickness of the Arctic drift 
ice is quoted to be 2-3 m: this figure, however, is not represent- 
ative since the thickness of individual floes varies, according 
to age, between 0.5 m and more than 6 m (Thorndike 1975), as has 
been verified by submarine expeditions; satellite microwave 
measurements of surface emissivity have confirmed this irregular 
mosaic. 
Representative data for a heat and radiation budget are very 
difficult to determine under such conditions; in winter the 
turbulent fluxes of sensible and latent heat from the polynyas, 
where the open ocean water (~fl-~OC) is in direct contact with 
0 the cold air below the polar inversion (TA=-30 C) (where TA (T ) = W 
air (water) temperature), are more than 100 times as large as 
those at the surface of the ice floes, and frequently have an 
opposite sign (Vowinckel and Orvig 1973). Even during polar 
summer with permanent daylight, polynyas with a diameter of 
several kilometers can suddenly freeze over because of cold air 
advection (as the author observed in late July 1972). Thus the 
heat budget values given in Figure 2 can only be rough estimates. 
In a very careful model study, Maykut and Untersteiner 
(1971) simulated the physical processes of ice formation and 
melting, based on observations made in the years 1957-58 and 
assuming a horizontally homogeneous ice cover. In this one- 
dimensional model of the ocean-ice-snow-air multiphase system, 
two processes are particularly effective in reducing the ice 
thickness: lowered surface albedo (e.g. in relation to the 
duration of the melting season, but also to pollution by dust or 
oil wastes), and increased ocean water temperature. During the 
melting season, about 50 cm of ice melt from above, while for 
the rest of the year a similar amount freezes from below. Not 

included in the model is a possible increase in salinity (and 
thus density) of the ocean water, e.g. after an artificial 
deviation for irrigation purposes of part of the freshwater 
flow from the big rivers in Siberia and Canada (Aagard and Coach- 
man 1975). 
At present, the ice-forming processes occur in a shallow 
(-50 m) but very stable surface layer of the ocean (Figure 3) ; 
the excess of this low-saline water together with ice leaves the 
Arctic basin with the strong and narrow East Greenland Current. 
If the freshwater inflow is significantly reduced, the salinity 
and density of the surface layer must increase, which reduces 
its stability. In a nonstratified ocean with turbulent vertical 
exchange no permanent icecover would be possible. 
The drift ice is driven by winds and the ocean currents; 
between Greenland, Alaska, and Siberia a large anticyclonic gyre 
circles clockwise around the central core of the Arctic ice 
(Rothrock 1975) which has survived for at least 700,000 years, 
but probably for more than two million years. The total area 
of the Arctic drift ice varies between 8.2 million km2 in late 
summer and 11.8 million km2 in late spring. Thus only one third 
of the maximum ice cover is seasonal, with a thickness of nearly 
50 cm; the average residence time of an ice crystal in a floe 
between freezing'and melting is on the order of 5-10 years. 
In contrast to the high stability of the central core, the 
marginal parts of the ice in the Atlantic sector between Green- 
land, Svalbard, and Novaya Zemlya underwent Large f Z u c t u a t i o n s  
already in the historical past (see Chapter V: A Global Warming 
Scenario Based Upon Past Climates); after a long recession up to 
Greenland' s northern coast (-8 1 ON) the ice advanced around 1 320 
along the eastern coast, in severe winters blocked Iceland and 
the Denmark Strait until late summer, and advanced, from the 
late 17th to the 18th century, several times towards the Faroes 
and even Norway. Occasionally Eskimos and polar bears stranded 
with a scattered floe were carried to the coast of Scotland 
(Lamb, H.H., University of East Anglia, U.K., private communica- 
tion, 1978). The total area may have varied by more than 20% 
during the last millenium, while the southern edge shifted by 
more than 2000 km. 
The strong contrasts of albedo and heat budget along the 
edges of the ice are of paramount importance for the formation 
of cold air above the ice and thus for the position of tropo- 
spheric frontal zones. The large-scale advance of the ice during 
the Little Ice Age (1550-1850, with some precursors around 1320 
and 1430) is apparently correlated with several phenomena: a re- 
arrangement of cyclone tracks that were displaced far south, a 
much more frequent occurrence of blocking anticyclones above the 
then cold surface waters north and west of the British Isles, 
frequent outbreaks of polar air over western and central Europe 
across the Alps, and an increase in cyclonic activity and rain- 
fall in the Mediterranean. "Low index" circulation patterns 
prevailed over most parts of the midlatitude belt of westerlies 
in the northern hemisphere, and, as happens occasionally today, 
cold high-tropospheric troughs frequently penetrated into the 
interior tropics causing anomalous rainfall (Section Vb: Holocene 
Warm Period and the Humid Sahara). 
While such events were rare during the warm period of 
1931-60, the recent, rather modest, readvance  of the ice (Figure 
4 for Iceland, 1901-76) coincides with some of the most unexpected 
c l i m a t i c  a n o m a l i e s  of recent years. Among them are the severe 
winters of 1968/69 in the U.S.S.R. and 1976/77 and 1977/78 in 
parts of North America, in contrast to an unbroken series or six 
or seven unusually mild winters in western and northern Europe, 
and the coinc'3ence of a serious western European drought with 
abundant rainfall in central Russia during the summer of 1976. 
Other anomalies were a sequence of the three most severe seasons 
of Greenland icebergs in the Newfoundland area (1971-73) in this 
century, or a great frequency of unusually heavy gales in the 
North Sea area between 1972 and 1976. 
The frequency of such quasistationary, apparently "anomalous", 
weather patterns demonstrates the simultaneous occurrence of 
large positive and negative anomalies of temperature and rainfall, 
known e.g. as "north Atlantic see-saw" (van Loon and Rogers, 1978). 
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This occurrence is correlated with a general c o o l i n g  of the in- 
terior Arctic (Figure 91, but masks the small temperature vari- 
ations averaged along latitude circles. 
The physical background of such coolings (or warmings) in 
the polar zone is far from being understood. One hypothesis 
(Flohn 1974) is based on the occurrence of one or several vol- 
canic explosions producing great masses of stratospheric par- 
ticles: due to the stratospheric circulation system, these par- 
ticles converge and subside above the interior Arctic (north 
of -75O~) and Antarctic, forming a d u s t  l a y e r  there at an altitude 
of 10-15 km, which is easily visible from an airplane; here it 
lasts longer than in midlatitudes because of the relative ab- 
sence of exchange processes between the troposphere and the 
stratosphere. 
By backscattering and absorption, this dust layer reduces 
solar radiation, surface temperature, and the duration of 
the melting season. Consequently the average thickness of the 
ice increases, reducing the heat flow between ocean and atmo- 
sphere and leading to cooling and to an extension of the ice: 
thin seasonal ice grows faster than thick multiyear floes. 
In connection with large international research programs 
(such as POLEX within GARP), more sophisticated three-dimensional, 
time-dependent models of the multiphase system are now under de- 
velopment, and more complete solutions including all feedback 
mechanisms may be expected (Washington et al. 1977). 
In contrast to the Arctic ice, the S u b a n t a r c t i c  drift ice 
is largely seasonal (--85%), it is mainly produced by the 
extremely cold winds descending and blowing out of the Antarctic 
continent during the cold season,which is characterized by a 
strongly negative radiation balance. Its area increases from 
3.5 million km2 in late summer to about 22 million km2 in spring. 
The thickness of one-year ice floes varies only between 100 and 
150 cm; a low-salinity surface layer of the ocean (like in the 
Arctic) is not developed. The most productive area is the 
Weddell Sea in the Atlantic sector; from here a large tongue of 
drift ice frequently extends towards ENE. 
In addition to this enormous area of sea ice, the large- 
scale tabular icebergs should be mentioned, which have an 
average depth of 200-400 m and an extension of many square kilo- 
meters. In extreme cases they are as big as the Netherlands 
2 (-30,000 km ) .  They. break off from the large Antarctic ice 
shelves, their last debris reaching sometimes as far as lat 3 5 O ~  
in the Atlantic. Climatically they are mainly important because 
of the large amount of heat they need for the melting process. 
The Role of the Antarctic Continental Ice Sheet 
One of the basic features of global atmospheric circulation, 
and consequently also of the wind-driven mixed oceanic layer, is 
the asymmetry with respect to the equator--a fact hardly covered 
satisfactorily by most textbooks. It is accounted for by one 
of the fundamental parameters of the circulation, thermal  Rossby 
number RoT: 
6u 
where UT = EAz 6T a -Ay is the vertical shear of zonal wind u (or 
&Y 
the "thermal wind" proportional to the meridional temperature 
gradient 6T/6y) of a layer A Z ,  r is the earth's radius, y(z) the 
meridional (vertical) coordinate, and Q the angular speed of the 
earth's rotation. This dimensionless number describes the ther- 
mal zonal wind, depending on the temperature difference between 
equator and pole, in units of the rotational speed of a point 
on the earth's equator (464 ms-') . 
In the troposphere it is easy to determine the meridional 
equator-pole temperature difference, at least for the layers 
above the surface of the Antarctic ice dome. This is done at 
Amundsen-Scott station at 90°s, altitude 2800 m. Table 1 gives 
the result of a survey based on continuous data for a seven-year 
period. If the results of the South Pole station with an average 
surface pressure of 681 mb are used to represent the 700 mb 
level, the error introduced is only about 0.5O~. 
Table 1. Average (virtual) temperatures of the midtroposphere 
between 700 mb (-3 km) and 300 mb (-9 km) ; 
I (VII) = January (July). 
Extreme months Year 
Equator (El difference < 0. 4OC - 8.6OC 
North Pole (N) -41.5 (I) -25.9 (VII) -35.g0c 
South Pole (S) -52.7 (VII) -38.3 (I) -47.7OC 
Difference E-N 32.9 (I) 17.3 (VII) 27.3 
Difference E-S 29.7 (I) 44.1 (VII) 39.1 
These observations demonstrate that, taking into account 
this systematic error, the Antarctic troposphere is actually 
about 1 1°C colder than the Arctic troposphere in the equivalent 
seasons. This is true in spite of the fact that in summer the 
Antarctic ice dome enjoys the highest solar (global) radiation 
of the whole globe: its surface albedo of 84-89% also is the 
highest. 
A meridional equator-pole temperature difference results 
that is almost symmetric during northern winter/southern summer 
but greatly asymmetric (1 7OC versus 44Oc! ) during northern 
summer/southern winter. This causes a much stronger atmospheric 
circulation in the southern hemisphere, which crosses the equator 
and displaces the intertropical convergence zone (ITCZ) towards 
the north. The zonally averaged position of the ffmeteoroZogicaZ 
equatorw--defined as the latitude of lowest pressure in the 
tropics and of a change of sign of the average meridional wind 
component--varies seasonally between o0 and almost 15O~, and 
reaches, at an annual average,   ON (Flohn 1967). In July, the 
thermal Rossby number reaches above the southern hemisphere more 
than 250% of the value above the northern hemisphere. This 
point will become important in Chapter VI: Ice-Free Arctic Versus 
Glaciated Antarctic, where other climatic implications are also 
considered. 
The p h y s i c a l  background of this asymmetry is the quite 
different heat and radiation budgets of the two polar regions: 
on the one hand a nearly (85%) landlocked ocean with a thin 
and perforated cover of drift ice, and an isolated continent 
with an ice sheet more than 2 km thick on the other hand. 
Figure 2 from Flohn (1978a)compares the, necessarily preliminary, 
data that are available on the heat and radiation budgets of 
Antarctica (Schwerdtfeger 1970, partly revised) and the interior 
Arctic (Vowinckel and Orvig 1970). 
Among the most essential points are the higher albedo 
(reflectivity Rsf) of the Antarctic ice, the region's low cloudi- 
ness and atmospheric water vapor content which affect the re- 
flexion from clouds (Rcl) , and the infrared emission of the atmo-, 
sphere (Eo). Of minor importance are the turbulent fluxes of 
sensible and latent heat (evaporation) from the surface, which 
are directed upward above the Arctic Ocean, but downward above 
Antarctica. 
In both regions, the negative radiation budget at the top 
of the atmosphere must be maintained by quasihorizontal advection 
from temperate latitudes: this term is much higher in the Arctic, 
due to the land-sea distribution dependent on longitudes. 
Compared with the atmospheric advection the oceanic advection 
in the Arctic is rather small, since the warm Atlantic water 
submerges below the shallow cold surface waters (section IIa: 
The Role of Polar Sea Ice); the most recent value (see later) 
is about 30% higher. 
In winter, an extremely cold thin surface layer develops 
above the ~ntarctic ice dome, with average minimum temperatures 
below -70°c, repeatedly reaching -88O~. 
 his cold layer spreads 
outward, cools the sea surface, and ~roduces an extended seasonal 
cover of drift ice, only 100-150 cm thick (see end of Section 
IIa: The Role of Polar Sea Ice). At the end of the season, the 
2 total of Antarctic ice is no less than 36-38 million km . Since 
both the areal extension of the coldest air and the position of 
the tropospheric baroclinic zone depend on the extension of 
drift ice, the southern hemispheric circulation is characterized 
by a time lag of 2-3 months with respect tb the sun's radiation. 
The extension of the Subantarctic drift ice and, similarly, 
of the Antarctic cold surface water, which in two sharp fronts 
adjoins the warmer water of middle latitudes, strongly depends 
on longitude: in the Atlantic section it reaches lat 48-50°s, 
but varies in the vast South Pacific around lat 60~s. Thus the 
climatic influence of the Antarctic as compared to the Arctic 
is strongest in the Atlantic section: Bouvet Island (54O~) is 
almost completely glaciated, whereas Helgoland (54O~) is a summer 
bathing resort. 
About 15 years ago a new unorthodox ice age hypothesis 
appeared on the scientific scene, proposed by the New zealand 
geochemist A.T. Wilson (1964); it was met with much attention 
from specialists, in spite of the more than 60 hypotheses that 
existed at the time. His basic assumption was that, at the 
bottom of a sufficiently thick body of ice, the combined action 
of pressure from above and geothermal heat flow from below must 
necessarily lead to melting. In this case the quite stable 
"cold" ice could be mobilized with the help of regelation pro- 
cesses, which are well-known from "temperate" or "warm" glaciers 
in midlatitude mountains. In parallel to the rare "surges" of 
some Arctic or mountain glaciers, he assumed a latent i n s t a b i l i t y  
of the Antarctic ice, which could possibly move forward cata- 
strophically to all sides forming a quasipermanent ice shelf of 
2 20-30 million km ; the consequence should be a general cooling 
of the earth and a sudden initiation of a glaciation of the 
continents in the northern hemisphere. One of the lnost exciting 
findings that confirmed one of Wilson's basic assumptions was a 
discovery by Gow et a1. ( 1968) at Byrd station (80°s, 1 20°w) , 
where an ice core met with melting water under high pressure at 
the bottom (2163 m). 
The discussion of this hypothesis has led to some important 
modifications (e. g. Hughes 1973; Flohn 1974b, 1977b , but has 
left the fascinating basic idea untouched; model computations by 
Budd (1975a, b) have demonstrated the interaction of the physic- 
al processes involved. The present state of affairs has been 
outlined by Hughes (1975, 1977): while the bulk of the (eastern) 
Antarctic ice is stable and rests, with a few small meltwater 
lakes widely dispersed, on bedrock at a level well above  sea 
level, the smaller ice dome of western Antarctica (between South 
America and long 1 4 0 ~ ~ )  rests on a bedrock largely below sea 
level. Here an instability cannot be excluded: the boundary 
between the floating shelf ice and the slowly moving parts of 
the continental ice is not fixed, and it has been suggested 
(see Hughes 1975; Mercer 1978) that the western Antarctic ice 
sheet disappeared in the geological past. The present situation 
has apparently (Hughes 1975) not yet reached an equilibrium 
stage; thus there is some risk--after (possible) removal of the 
Ronne-Filchner ice shelf--of a catastrophic deglaciation of 
parts of western Antarctica in a foreseeable future (Mercer 
1978). An event of this kind could create a worldwide sea-level 
rise of 4-6 m (Ilercer 1978); its possible time-scale is unknown. 
The ?~lta~ctic ice sheet with about 26 million km3 contains 
by far the largest freshwater reserve of the globe, at an 
average temperature below -30°c; its mass balance is most 
probably positive (Schwerdtfeger 1976), about 3 cm water equi- 
valent per year. This figure is somewhat uncertain since some 
of the outflow components of this vast continent, such as snow- 
drift, are little known. It should be mentioned that this 
positive mass balance of the largest storage reservoir is in- 
consistent with the very slow worldwide rise of the sea level 
of about 1.1 mm/year. Geophysically, however, sea-level fluctu- 
ations are extremely complex and far from being understood. 
Equatorial Upwelling, El ~ i x o ,  and Hydrologic Balance 
One of the most surprising features of climatic variability 
is the irregular fluctuation of sea surface temperatures and of 
rainfall in a long and narrow belt along the equator across 
both the Pacific and the Atlantic; no similar feature has been 
described for the equatorial Indian Ocean. It coincides with 
the "equatorial dry belt" of classical climatology; a physical 
interpretation was first given by J. Bjerknes (1969). 
In these two oceans the actual sea surface temperature drops, 
in a latitudinal belt between about o0 and ~ O S ,  from the average 
value' of tropical oceans (26-27Oc) to 18-22Oc, and in some cases- 
-especially on the leeward side of islands--to even less than 
1 ~ O C ;  the occurrence of penguins at equatorial Galapagos Islands 
is a striking example of bioclimatic .adaptation. Bjerknes' 
interpretation starts out from the wind-driven Ekman flow in the 
shallow upper mixed layer of an ocean, reaching only 50-100 m 
down to the top of the thermocline, which separates, with several 
strong discontinuities, the cold waters of the deep ocean from 
the warm mixed layer. By integrating the Ekman drift with in- 
creasing depth down to the level where the wind-driven component 
disappears, one obtains a direction perpendicular to the wind, 
with an (anticyclonic) deviation of the current to the right in 
the northern hemisphere, and one to the left in the southern 
hemisphere. Since zonal winds prevail in tropical latitudes, 
several aspects can be interpreted (see Figure 5) by way of the 
meridional component of the Ekman drift (ED ) which can be 
Y 
written as follows: 
x and y denote the zonal and meridional components, 7 the sur- 
2 face stress vector of wind 5 (proportional to v ) , p the density, 
and f the Coriolis parameter (f = 2 fisin@, with angular veloc- 
ity fi and latitude @ ) .  Because of sin@, the sign of f is reversa 
at the equator, and in a generally easterly wind, ED diverges on 
Y 
both sides of the equator. In the Indian Ocean, where westerlies 
prevail throughout the year in a narrow band along the equator, 
the change of the sign of f leads to a convergence of the Ekman 
drift at p=O, where (pf)-' becomes indefinite. 
A more thorough understanding should start from the rotation 
(vorticity) of the wind stress field: at the lower boundary of 
the ED layer, the vertical flow component w of the water can be 
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Figure  5. E q u a t o r i a l  flow p a t t e r n s  and upwel l ing.  
expressed a s  ( x , y  a r e  t h e  zonal  and mer id iona l  c o o r d i n a t e s ,  
r e s p e c t i v e l y )  : 
6 -r 6rx 
wi th  t h e  v o r t i c i t y  rot,? = ~ - - . 6~ 
Due t o  t h e  asymmetry of t h e  a tmospheric  (and oceanic)  c i r c u -  
l a t i o n  ( s e e  S e c t i o n I I b :  The Role of t h e  A n t a r c t i c  C o n t i n e n t i a l  Ice 
S h e e t ) ,  the south-eas t  t r a d e s  c r o s s  t h e  equa to r  and p e n e t r a t e  up t o  
about l a t  5 -8O~ w i t h  t h e  s t r e a m l i n e s  u s u a l l y  turned  clockwise.  
This  c lockwise t u r n  is  e q u i v a l e n t  to  a c y c l o n i c  c u r v a t u r e  i n  t h e  
A 
southern  hemisphere (rotz; nega t ive )  ; b u t  wi th  t h e  c r o s s i n g  of  
t h e  equator  and t h e  change of  t h e  s i g n  of f ,  t h e  c u r v a t u r e  of 
t h e  flow (by d e f i n i t i o n )  becomes a n t i c y c l o n i c  i n  t h e  no r the rn  
hemisphere (F igure  5 ) .  S ince  t h e  s i g n  of v o r t i c i t y  i s  t h e  same 
on e i t h e r  s i d e  of  t h e  equa to r  (see Figures  2-6 i n  Hantel  1972) , 
while  f i n  t h e  denominator d i s a p p e a r s  a t  t h e  equator  ($=O),  be- 
- q u i t e  small i n  i ts  immediate v i c i n i t y ,  w must be h i g h l y  pos- 
i t i v e  (upward) j u s t  s o u t h  of t h e  e q u a t o r ,  becomes i n d e f i n i t e  a t  
$=Of and is h i g h l y  nega t ive  (downward) j u s t  n o r t h  of t h e  equa to r .  
I n  t h i s  case one observes  a more o r  less permanent t r e n d  f o r  up- 
wel l ing  (downwellingl j u s t  south (nor th)  of t h e  e q u a t o r ,  t o g e t h e r  
wi th  a  marked i n c r e a s e  i n  w a t e r  temperature  when c r o s s i n g  t h e  
equator  towards t h e  no r th .  
The c i r c u l a t i o n  asymmetry reaches  i t s  h i g h e s t  peak i n  
no r the rn  summer/ southern  w i n t e r ,  w i th  a l a g  of 1-3 months wi th  
r e s p e c t  t o  t h e  s u n ' s  p o s i t i o n .  Th i s  is  r e s p o n s i b l e  f o r  t h e  
seasona l  maximum of upwell ing i n  t h e  b e l t  0-~OS from June t o  
September, i .e.  a t  t h e  t ime when t h e  symmetry (wi th  r e s p e c t  t o  
t h e  equa to r )  of t h e  wind f i e l d  r eaches  i t s  minimum and s o u t h e r l y  
components of t h e  t r a d e s  predominate. The upwelling c o o l  wa te r  
(wi th  an average w of t h e  o rde r  of 0.5-1 m/day) s t a b i l i z e s  t h e  
atmosphere i f  TW ( sea  s u r f a c e )  < TA ( a i r ) .  I n  t h i s  case t h e  f l u x  
of  s e n s i b l e  h e a t  p r o p o r t i o n a l  t o  t h e  temperature  d i f f e r e n c e  
TW - TA is d i r e c t e d  downward t o  t h e  sea, t h e  r e l a t i v e  humidity of 
the air increases, and evaporation (which is proportional to the 
vertical gradient of specific humidity qw - qA) decreases sharply. 
~edent evaluations of maritime observations (Trempel 1978) in a 
meridion31 strip at the Galapagos (long 8 5-9o0w) have revealed 
that the average evaporation in the belt 0-~OS decreases to 
1.0 mm/d in winter (May-October) and to 0.8 mm/d in summer 
(November-April), compared with 2.8-3.5 mm/d in the adjacent 
latitudes on both sides; representative values for tropical 
oceans are somewhat higher (120-150 cm/year). Similar values 
have been obtained with a larger data set for the equatorial 
Atlantic (Henning unpublished). 
While today equatorial upwelling is the prevailing ("normal") 
mode of the air-sea system, marked changes and reversals occur 
at irregular intervals, frequently during northern winter/ 
southern summer, when the southern circulation nearly equals the 
,intensity of the northern circulation; thus the ITCZ representing 
the boundary between both circulations, which is also called 
meteorological equator, tends to be close to @=oO. Along the 
coasts of Ecuador and Peru, these abnormal periods coincide with 
the replacement of upwelling cool and nutritious water by a 
sterile layer of warm water and a drastic reduction of fish catch, 
for man and seabirds; at the equator itself, the sign of w 
apparently reverses to downwelling. This anomaly usually starts 
around Christmas, and has therefore been called "El N~Ko'' (the 
child). 
Recent investigations (Wyrtki 1977 ; Barnett 1977) have 
demonstrated the large variability of winds and ocean currents, 
besides that of sea surface temperature and rainfall. The inten- 
sity of the large zonal ocean currents, which is here about pro- 
portional to the small zonal slope of the sea level, varies 
(for 12 continuous monthly averages) by '50%; similarly, the wind 
stress varies, on an average, between +44X and -25% in similar 
periods and individual months between +loo% and -52% (Wyrtki 
1977). Only at the central equatorial Pacific is upwelling or 
downwelling controlled by the divergence of the Ekman drift; 
in the Galapagos area and along the Peruvian coast,changes of the 
wind field over large distances (-10,000 km) are much more 
effective than local variations (Barnett 1977). While upwelling 
coincides with high zonal winds (trades), the downwelling 
, phenomenon occurs during the period of decreasing trades: then 
an equatorial (Kelvin) wave reverses the vertical circula- 
tion in the ocean, causing an "El Ni%o1' event which occurs 
practically simultaneously (Doberitz 1968) between 80°w and about 
0 160 E, i.e. over a distance of 120° longitude or approximately 
13,000 km. It is accompanied by torrential rainfall as in the 
ITCZ, by thermodynamic instability (TW> TA), and by lower relative 
humidity, also causing higher evaporation. Since the correlation 
between sea surface temperature and rainfall is positive (and 
well above the 3a level of significance, see Flohn 1972), rain- 
fall variations are enormous and larger than at any other place 
in the world: e.g. at Nauru (0. S0s, long 16g0E) , the rainfall 
of moving 12 month sequences varies between 95 mm and above 
SO00 mm (as was observed here between 1916 and 1918!); irregular 
fluctuations suppress the usual seasonal variation. 
Generally speaking, equatorial upwezzing, with rainfall and 
evaporation at a minimum, occurs during periods of strong 
atmospheric circulation (which today is mainly controlled from 
the southern hemisphere), while equatorial downweZZing (El Nixo) 
with high rainfall and evaporation is synchronous with periods 
of weak circulation. The fact that, in equatorial latitudes, 
Pacific and Atlantic are practically closed basins leads to some 
complications. In past epochs with stronger (weaker) zonal 
circulation--i.e. during some parts of the glacial (strong) and 
interglacial (weak) epochs--upwelling or downwelling may each 
have controlled more than 90% or even 100% of the total time 
(see below) . 
There is evidence that the fluctuations of TW and thus 
also of evaporation were even stronger in those times. With a 
permanent southerly flow like in glacial times upwellinq increases, 
and the cool water continuously spreads to both sides (Doberitz 1968 
or 1969): while thermal stability (TW< TA) increases, evaporation 
decreases and may even be reversed to condensation ("dew") at the 
cool water surf ace (with qw < qA) . Conversely, in interglacial 
periods with distinctlyweaker circulation, the tropical warm 
water with temperatures of 26-27OC may have controlled weather 
and climate for more than 90% of the total time, with high in- 
stability, evaporation, and rainfall. Since the change between 
2 contrasting modes depends on T, which is proportional to v , 
relatively weak variations of the atmospheric circulation can 
lead to enormous variations of evaporation and rainfall. 
The great importance of these processes for oceanic evapo- 
ration as well as for the global water balance can be illustrated 
by a few simplified estimates; extreme examples are the peaks of 
1 the last glaciation (about 24-14 ka BP ) and of the last inter- 
glacial (see Section Vc: Last Interglacial (Eem Sensu Stricto), 
about 125 ka BP). These two contrasting climates were, at the 
same time, almost everywhere more arid or more humid than the present 
climate. Let me tentatively interpret this by giving approximate 
figures. The area involved may have covered only the equatorial 
Pacific and Atlantic between lat 1 OOS and 1 OON, extending over 
52 x lo6 km2;while for the Indian Ocean little evidence is 
available. Gardner and Hays (1 976) and Prell et a1, (1 976) have 
evaluated TW on the basis of a great number of ocean cores; of 
particular interest is core A 180-73 a t  lat oO, long 23Ow. The 
essential result is that there TW in August was 7-8" colder 
18 ka ago than it is now, while in subtropical latitudes it has 
remained essentially unchanged. The drop of February tempera- 
0 tures was only 1-3 C; this indicates a much stronger upwelling 
during southern winter with an extension of the southerly cir- 
culation (due to an expansion of the Subantarctic seasonal ice). 
TW in August dropped to only 1 6OC 18 ka ago and even to 1 4OC 
at an earlier glacial peak 55 ka ago, in contrast to the present 
value of 24OC and almost 26OC 125 ka ago. These data, obtained 
for a sufficient number of cores with different biostatistical 
techniques and an accuracy of f 1-2O~, indicate that the above- 
mentioned low value of evaporation E of 0.8-1 mm/d or 30-36 cm/a, 
'ka stands for 1000 years; BP means before present. 
with TW = 18-1 g0c, is by no means exceptional: E may have been 
completely reversed with TW = 1 ~OC. 
The present value of E for the areas mentioned above is 
3 
evaluated to be 132 cm/a or 69 x 1 o3 km /a (Baumgartner and 
Reichel 1975). In a g l a c i a l  phase, 36 cm/a may be taken as 
3 3 
representative of the large area, which yields only 19 x 10 km /a, 
3 i.e. a regional loss occurs of 50 x lo3 km , or 72%. In a global 
budget, one has to add the decrease .in E by the Arctic sea ice 
spreading to lat 4 5 O ~  (Atlantic only): for an area of 
6 2 14 x 10 km this yields a loss ranging from E = 73 cm/a to 
15 cm/a or 8 x lo3 km3. Furthermore, the drop in sea level by 
2 
at least 100 m gives a loss of ocean area of 20 x lo6 km and of 
3 E = 12 x 1 o3 km ; an expansion of the subantarctic drift ice 
600 km northward in both seasons (Hays et al. 1976) and over an 
2 
area of about 14 x lo6 km yields a further loss of evaporation 
3 
of at least 5 x lo3 km . One obtains a loss of altogether 
3 50 + 12 + 8 + 5 = 75 x 10 km3, which is 15% of the global 
annual budget of 496 x lo3 km3, or 18% of the oceanic evaporation 
3 (425 x lo3 km ) .  In a warm ( i n t e r g l a c i a l l  phase with permanent 
3 downwelling, E may have reached 155 cm/a or 81 x lo3 km /a (for 
the Pacific and the Atlantic together). Here we may add a 
2 
reduction of the Arctic drift ice area from lo7 to 7 x lo6 km , 
which may increase E further by 2 x lo3 km3. The total increase 
3 is 12 + 2 = 14 x lo3 km/a, i.e. 3% of the global evaporation. 
But this figure may be too small, because of the neglect of 
changes on the continents. More essential is the drastic change 
in the evaporation of equatorial oceans between about 80 (inter- 
- -  - 2  glacial) and 20 (glacial) x lo3 km /a: this gives the physical back-. 
ground for the nearly complete disappearance of equatorial rain 
forests during the glacial phases and the replacement by semi- 
humid grasslands (see also Shackleton 1977). 
This e q u a t o r i a l  ocean b e l t  obviously is a key area  for 
large-scale climatic variation--the worldwide effects of changes 
in TW in that area on atmospheric flow patterns have been shown 
empirically by J. Bjerknes (1969) and with a circulation model 
by Rowntree (1972). This has been even more evident since 
Bacastowl s ( 197 6 and Newel1 Is ( 1977) demonstratioks, based on 
records from Mauna Loa, Hawaii, and South Pole stations that, 
after removal of the seasonal fluctuations; the time variations 
of the increase in atmospheric C02 are also in phase with the 
irregular change between upwelling and downwelling. Newel1 
(1978) has indicated that this correlation essentially depends 
on the nutrient content of the upwelling deep water: during a 
coo2 phase the photosynthesis rate in the upwelling cold water 
is high and much C02 is removed from the atmosphere, which leads 
to a minimum rate of increase. During a warm phase, the uptake 
of atmospheric C02 by the ocean is weak: causing a rate of in- 
crease in atmospheric C02 that is larger than usual. In this case 
time variations of the water vapor content and of the CO in- 
2 
crease rate are positively correlated. This fact contributes 
much to a better understanding of the internally coherent 
processes controlling the climatic variations at the 1000a 
scale during the last glacial maximum and the Holocene: aridity 
and drastic reduction of tropical forests 18ka ago, together 
with strong cooling of equatorial (but not of subtropical) 
oceans; precipitation maximum, expansion of tropical forests 
far into the arid zone (Section Vb: Holocene Warm Period and 
the Humid Sahara) between 12 and 6ka BPI together with equatorial 
warming and weakening of the trade winds (see also Shackleton 
1977). 
THE "COMBINED GREENHOUSE EFFECT" OF CARBON 
DIOXIDE AND ATMOSPHERIC TRACE GASES 
Any estimate of future climates under the influence of a 
growing greenhouse effect must take into account that, in 
addition to C02 (Schneider 1975), some other, at least 
partially man-made, gases also absorb terrestrial radiation, 
particularly in the window region between 7.5 and 12 pm, just 
below the region of strong C02 absorption (12-18 pm) (Ramanathan 
1975, Wang et al. 1976). The strongest absorber of infrared 
Figure 6. Temperature change (OC) in a vertical-meridional 
section after a doubling of the C02 content, in- 
cluding atmospheric dynamics (Manabe and Wetherald 
1975), Note the strong warming of the lower polar 
atmosphere due to parameterization of the snow- 
albedo-temperature feedback. 
radiation is water vapor: the global amount of evaporation (and 
3 precipitation) has recently been estimated to be 496 x 1 o3 km /a, 
equivalent to a water column of 973 rnm/a (Baumgartner and 
Reichel 1975). The man-made evaporation over land amounted to 
3 1800 km /a (Lvovich 1969) in 1965; this may have probably risen 
to about 2500 km3/a (Flohn 1977a) by 1980. The amount is 
equivalent to only 0.5% of the global value, which is certainly 
within the limits of error. 
With a global warming, the evaporation of the oceans will 
rise appreciably, as is simulated by some of the most realistic 
models (Manabe and Wetherald 1975; Wetherald and Manabe 1975) 
(Figure 6). Because of the importance of equatorial up- or down- 
welling (Section IIc: Equatorial Upwelling, El ~ i z o ,  and Hydro- 
logic Balance) for evaporation, significant changes in the atmo- 
spheric water vapor content are to be expected; a slight in- 
crease of "precipitable water", which is at present equivalent 
to a water column of only 25 mm, also contributes to the green- 
house effect. 
While the future increase in CO concentration has been 2 
investigated by many authors, the role of trace aases has only 
recently been recognized. Wang et al. (1976) have taken a one- 
dimensional radiative-convective model with fixed relative 
humidity. There the role of clouds is accounted for in two ways, 
by assuming fixed cloud-top altitude (CTA) and fixed cloud-top 
temperature (CTT). According to their investigations, the 
combined effect of man-made trace gases is on the same order 
of magnitude as the effect of C02--any neglect of these pro- 
cesses could mean to greatly underestimate the total greenhouse 
effect. Table 2 reproduces Wang's tabla in condensed form as 
well as the results of an, apparently similar, model for the 
C02-temperature relation presented by Augustsson and Ramanathan 
(1 977) (see also Figure 7) . In contrast to the frequently quoted 
Manabe-Wetherald (1975) model (Figure 6), both models are one- 
dimensional and neglect atmospheric dyn&ics and transports. 
The radiation-cloud interaction is not included, nor any feed- 
back between temperature and snow-ice albedo. Thus the result 
is only representative of low and middle latitudes; in subpolar 
and polar latitude? the effect on the temperature must be en- 
larged by a factor of about 3, .  as indicated also by recent 
empirical data (Borzenkova et al. 1976). Estimates in the 
model of Augustsson and Ramanathan (Figure 7) are not much 
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Figure 7. Temperature increase (surface, representative 
latitudes) and C02 concentration, Augustsson- 
Ramanathan model 1977, CTA and CTT versions (see 
text) on both sides. The model is one-dimensional 
and radiative-convective. 
different from the results obtained by Manabe and Wetherald 
(1975): with a doubling of CO,, the latter model yields a warm- 
& 
ing of 1.92OC for the latitude belt 0-30' and of 2.20'~ for lat 
0-50: to be compared with 1 .98OC (CTA) and 3. 2OC (CTT) in the 
first model. Some other recent radiation models of the C02- 
temperature relation exist (Schneider 1975; Bach, Rowntree, and 
Walker, in J. Williams, 1978), which scatter around the models 
quoted above. A further discussion would go beyond the scope of 
this contribution. 
Table 2. Greenhouse effects arising from changes of atmo- 
spheric constituents. 
Present Increase Greenhouse effect - (OC) Constituents c oncen- 
tration ( % )  a CTA CTT 
320 ppm +loo$ 1.98 3.2 
C02 330 ppm + 25% 0.53 0.79 
H20 (Strato- 
sphere) 3 W/g +loo% 0.65 1.03 
0.28 ppm +100$ 0.44 0.68 
1.6 ppm +100% 0.20 0.28 
0.2 ppb factor 20 0.36 0.54 
C C14+CH3C1 0.6 ppb +I0096 0.01 0.02 
C2H4 0.2 ppb +loo$ 0.01 0.01 
Note: The C02 data in the first line are after Augustsson and 
Ramanathan (1977); all others after Wang et al. (1976). 
a All the growth rates assumed in the Wang model are estimated 
for 2020 AD; the Augustsson-Ramanathan model is independent 
of time. 
-9 bppb = 10 volume parts. 
The first two lines in Table 2 show that both models co- 
incide well in estimating the C02 greenhouse effect, on the 
assumption that the temperature increase towards the first 
doubling of C02 can be taken as nearly linear (Figure 7). With 
respect to future changes of the stratospheric constituents due to 
increasing supersonic traffic, the changes in O3 and H20.content 
are probably too high, since it is doubtful that this traffic 
will reach the levels Wang used in his calculations. While the 
sum of infrared absorption, influenced by a decrease in O3 and 
an increase in stratospheric H20, may yield additional warming 
(Table 2), it is here assumed that both effects tend to cancel. 
One of the most important trace constituents is nitrous 
oxide (N20), produced by denitrification of fertilizers in the 
soil. Here a strong increase seems unavoidable, considering 
all the uncertainties of the complex nitrogen cycle in the 
environment, including the atmospheric residence time of nearly 
70 years (SBderlund and Svensson 1976, Hahn and Junge 1977). 
During the period of 1962-74, the annual average increase in 
nitrogen fertilizers was as high as 10.7% (Pratt et al. 1977). 
Even with an only linear growth rate on this order, one could 
expect an increase of 170% by the year 2000, instead of 100Xt as 
was assumed by Wan9for 2020. Pratt estimates the increase from 
the 1974 level to be between 200 and 450X, while Hahn and Junge 
more cautiously estimate a rise between 100 and 160%. Under 
conservative assumptions, Hahn (1979) estimates the greenhouse 
effect of N20 alone to be about 25% of that of C02,but to 
amount to about 37% together with NH3 and HN03. 
CH,, which considered a conversion product of CO, is 
strongly correlated with the burning of fossil fuel. The high 
contribution of chlorofluoromethanes (CFMs) is derived from their 
chemical inertness and thus from their estimated atmospheric 
reside~ce time of 30-50 years. Since strong efforts are being 
made to prohibit the use of these substances in refrigerators, 
aerosol spray cans etc., we may reduce their increase drastically 
(from x20 to x3), assuming a linear reduction of the correspond- 
ing greenhouse effect. The greenhouse effect of all other gases 
is small compared to that discussed above. 
One point for further discussion is the selection of an 
appropriate cloud-top-temperature (C'IT) model since, due to our 
ignorance of some important parameters, we still cannot handle 
adequately the important cloud-radiation feedback. While 
Augustsson and Ramanathan prefer to hold the cloud-top altitude 
(CTA) constant, Wang et al. consider the assumption of a constant 
temperature of cloud-tops more plausible. The CTA model appears 
to be more consistent with the assumption of constant relative 
humidity. Table 2 shows that the CTA model is less sensitive 
than the CTT model. The author of the present paper conservative- 
ly favors the CTA model, but also gives results from the CTT 
model. He feels that the possible role of clouds should not be 
overestimated (see Chapter I) . 
Taking the results from CIJang's model, and assuming his 
estimated growth rates as a first order assumption (except for 
03, stratospheric H20, and CFMs, see above), one may start from 
an increase in C02 from 330 to 412 ppm, equivalent to a warming 
of 0 . 5 3 ~ ~  (CTA) or 0. 7g0c (CTT) . In addition one should at the 
0 
same time expect a warming of 0.81 C (CTA) or 1.1 ~ O C  (CTT) , 
respectively, from N Z O ,  CH,, CFM (x3) and other gases, i.e. 150% 
more warming in both cases.then would be obtained by CO alone. 2 
Including the full effects of supersonic transport (03 and H20) 
as indicated by Wang et al., this would add a further warming of 
0. 31°c (CTA) or 0.56O~ (CTT) , respectively: in other words, an 
addition to the C02 greenhouse effect by 212 or 228%. As 
mentioned above, the author prefers to disregard this possibility; 
he believes that his conservative estimates are more probably 
t o o  l o u  than t o o  high. This is especially true in view of the 
possible increase in water vapor (Chapter Vb: Holocene Warm 
Period and the Humid Sahara, and Chapter Vc: Last Interglacial 
(Eem Sensu Stricto). All these constituents have narrow a b s o r ~  
tion bands in the infrared window between the strong absorption 
bands of H20 and C02, similar to the well-known 9.6 um band of 
ozone. It should be realized, however, that two of the N20 
absorption bands (at 7.78 and 17.0 um) are situated on the 
flanksof the much stronger bands of H20 and C02, respectively 
(Wang 1976, Figure 1). Thus in view of the enormous differences 
in concentration the question of overlapping needs further 
investigation; according to Wang et al., an additive effect can 
be safely assumed. The physical processes of trace gases in 
the window region (7.5-12 vm) are similar to those of H20 and 
C02 on both flanks of the window; together these qases act as 
venetian blinds attached to the atmospheric window. 
To remain on the conservative side, the author proposes to 
add 50% to the increase in C02 content (to the 320 ppm base used 
by Wang), and to express this Combined Greenhouse Effect .(CGE) 
in units of virtual C02 concentration given in ppm. This would 
be equivalent to a contribution of 67% of real C02 to the 
virtual C021evel at any selected time. . A less conservative 
suggestion would be to add 100% to the increase in C02 content, 
equivalent to a contribution of only 50% of real C02 to the 
virtual C02 level. In other words: if we use the relation 
between CGE expressed in ppm and temperature according to 
Figure 7, the real C02 value at this level is given in the 
right-hand columns of Table 3. The most conservative assumption 
of a 50% addition to C02 is preferred. 
The expected increase in atmospheric CO strongly depends 2 
on the future evolution of the global C02 budget. In this 
respect, the most controversial question is the role of land 
vegetation, especially of forests: the alarming destruction of 
2 the existing virgin forests (110,000 km /a according to FA0 
statistics, reported at the Second International Conference on 
Environmental Future at Reykjavik, 1977, Polunin, ed., forthcoming) 
is another source (not a sink!) of atmospheric C02. A report 
of a working group of specialists at the Dahlem Conference 
(Stumm 1976), based on various models with logistic growth 
curves, estimated maxima of atmospheric C02 concentration 
between 1100 and 1600 ppm. At a more recent IIASA workshop 
(Williams 1978), all the participating specialists (e.g. Bolin. 
Oeschger and Siegenthaler, Zimen) tentatively concluded that there 
would be a "manifold increase" in C02 if all economically exploit- 
able fossil fuel were burned, and if the (initial) C02 growth 
rate could not be reduced to less than 3%. In a quite recent 
critical survey, Junge (1978) estimated an increase in atmo- 
spheric C02 by a factor of nearly 3 until the year 2050, with 
a further increase after this date. A rather realistic model 
of the global carbon cycle and the biosphere (Olson 1978) yielded 
a doubling of atmospheric C02 around 2040, and a further increase 
to a factor of 4-6 (or even higher) in the 22nd century. 
Under these circumstances, a scenario of future climatic 
evolution in the case of man-made global warming should be 
based on the role of CGE with respect to temperature (Table 3). 
The CO model of Augustsson and Ramanathan ( Figure 7) can be 2 
used to outline typical paleoclimatic stages characterized by 
representative temperature increases. 
Table 3 distinguishes the CTA version of the model as well 
as the more sensitive CTT version. The first threshold that 
may be selected is the level of warming that can unambiguously 
be derived from current data sources (see Chapter IV: Recent 
Climatic History and Perception of Global Warming). This 
"level of perception" of a quasiglobal warming can be estimated 
to be 0.4-0. ~OC. Using the CTA model version and the last two 
columns in Table 3, one finds a corresponding real C02 level of 
360-375 ppm. Figure 8 gives a time-scale for the expected 
temperature levels, such as are derived from the Augustsson- 
Ramanathan model (Figure 7), CTA version, and uses CGE togeth~r 
with the logistic C02 growth rate model given by Zimen (1976). 
In view of the most recent developments in the global C02 budget, 
a slight revision on the basis of more realistic models (e.g. 
Zimen 1977) seems advisable. Assuming the more recent growth 
rates of 3.5-45 per year to continue, one can conclude that this 
level will be reached between 1990 and 2000. Under the same 
assumption the CTT model would yield a date between 1985 and 
1990. 
Other threshold values (Table 3) are estimates of represen- 
tative temperature changes over land areas during some charac- 
teristic paleoclimatic stages (Chapter V: A Global Warming 
Scenario Based Upon Past Climates), such as the Early Middle 
Table 3. Combined greenhouse effect, CO content, and paleoclimatic phases. 2 
Virtual C 0 2  Approximate real C02 content 
AT (OC) Paleoclimatic phase (PP~) CTT CTA 
CTT CTA + l o o %  +50% + l o o %  +50sa 
+ 0 . 5  Perception of warming 365 395 342 350 360 375 
+ 1.0  Medieval warm phase 420 490 370 386 405 432 
+ 1 . 5  Holocene warm phase 475 580 398 422 450 492 
530 670 426 460 495 555 
Eem Interglacial 
+ 2 . 5  5 9 0 ,  760 455 500 54-0 610 
+ 4.0 Ice-frez Arctic ocean 780 1150 555 630 740 880 
a = i.e. with a 50% (100%)  contribution of trace gases to the increase 
in virtual C 0 2  
b = based on present C02 of 330 ppm 
AT = expected temperature increase (OC) 
CTA, CTT = versions of the Augustsson-Ramanathan model (1977)  
Figure  8. Combined greenhouse e f f e c t  e x t r a p o l a t e d  us ing  
l o g i s t i c  C02 growth r a t e s  (Zimen 1977a).  The c u r v e s  
l a b e l e d  tempera ture  are, i n  f a c t ,  cu rves  of v i r t u a l  
C02 c o n t e n t ;  t empera ture  a f t e r  F igu re  7, CTA v e r s i o n .  
Aqes (about  900-1 100 A D ) ,  t h e  p o s t g l a c i a l  (Holocene) Optimum 
(about  6500-5500 B P ) ,  and t h e  Eem s t a g e  of  t h e  l a s t  i n t e r g l a c i a l .  
Cons ider ing  p o s s i b l e  consequences,  one o f  t h e  most impor t an t  
q u e s t i o n s  i s  t h e  fo l lowing :  when a r e  t h e s e  CGE t h r e s h o l d s  t o  be 
expected? The answer depends on developments and d e c i s i o n s  i n  
t h e  f i e l d s  of economics and p o l i t i c s  i n  a p l u r a l i s t i c  s o c i e t y .  
The au tho r  f e e l s  incompetent  t o  d e a l  w i th  t h i s  problem. Only 
a  f i r s t  o r d e r  e s t i m a t e , b a s e d  on- a  l o g i s t i c  growth r a t e  between 
3% and 4% , cou ld  be  t e n t a t i v e l y  g iven .  In t h i s  c a s e ,  t h e  1 .  ~ O C  
t h r e s h o l d  ( e q u i v a l e n t  t o  t h e  Holocene warm p e r i o d ,  S e c t i o n  Vb: 
Holocene Warm Period and the Humid Sahara) could be reached 
between 2005 and 2030, and the 2 . ~ O C  threshold (equivalent to 
the Eem period, Section Vc: Last ~nterglacial e em Sensu ~tricto)) 
between 2020 and 2050. Figure 8 also contains estimates based 
on the, apparently unrealistic, growth rates of 1-2% on the' 
basis of which any immediate climatic risk could be avoided- 
For the present purposes, it seems more appropriate to label 
the stages of a warming scenario using approximately equivalent 
levels of virtual C02 instead of fixed calendar years. 
RECENT CLIMATIC HISTORY AND PERCEPTION OF GLOBAL WARMING 
At the present time, global or hemispheric variations of 
surface temperature (Ta) can be detected only with the help of 
an existing network of "Climate" stations situated almost exclu- 
sively on the continents and a number of islands. This network 
suffers from many gaps, especially in oceanic regions, where 
the small number of stationary weather ships has been reduced 
drastically since 1973. This uneven distribution of stations 
is not sufficiently representative to smooth the large irregular 
anomalies occurring over months, seasons, and years--a lot of 
noise is due only to the inadequacy of the station network 
available. Thus interannual hemispheric temperature variations 
on the order of 0.2-0. ~ O C  can be hardly distinquished fron noise. 
Several recent papers give an overview of the most recent 
fluctuations. ' R. Yamamoto et al. (1975) has presented monthly 
data of Ta from 343 stations of the northern hemisphere for 
1951-73, which he objectively analyzed with a cubic spline 
technique using moving three-month averages. Typically, the 
most striking variations occurred in the latitude belt 60-85O~; 
a significant reduction in temperature occurred after a volcanic 
eruption, with time delays on the order of 3 to 12 months. 
This effect of stratospheric dust of volcanic origin has also 
been analyzed with much longer data series by Oliver (1976) and 
Mass and Schneider (1977). R. Yamamoto et al. (1977) extended 
their analysis to the period of 1957-72 (with 431 stations), 
and included the southern hemisphere. ,Still longer series of 
annual averages have been analyzed by Borzenkova et al. (1976) 
for several latitudinal bands between 82.   ON and 17. ON, in- 
0 
cluding the meridional gradient in the belt of 75-25 N. The 
interannual fluctuations are large, specially in Subarctic and 
Arctic latitudes: for example , in the belt of 57.5-72 .SON, this 
parameter amounts to 0. ~ O C  and in the polar belt of 72.5-87. SON 
to 0.63°~, both from 1940 to 1975. The hemispheric average 
reached a maximum around 1 9 38, dropped by about 0. ~ O C  until 
about 1963, and has beec slightly rising since, especially in 
the polar cap. 
In high southern latitudes, the period since 1943 has been 
characterized by a weak warming (Damon and Kunen; Yamamoto 
et al. 1977); this is also true for long records in the Sub- 
antarctic (Limbert 1974) and New Zealand (Salinger and Gunn 
1975). The equatorial belt has undergone only short-lived 
fluctuations. According to a quite recent synthesis presented 
by nine authors (Kukla et al. 1977) from the U.S.A., Japan, and 
the F.R.G., interannual fluctuations contribute most of the 
variance observed, and are in phase over most of the northern 
hemisphere and over parts of the southern hemisphere. The 
long-term trends are significantly smaller--i.e. on the order 
of 0.01 to 0 . 0 2 ~ ~  per year, see also Walsh (1 977) --than the 
interannual fluctuations. This noise apparently demonstrates 
the role of internal feedback mechanisms within the climatic 
system and of external short-lived effects, such as volcanic 
events. These data do not show a reversal in the cooling trend 
of the last decades, especially not in the upper air temperatures; 
only the Arctic and Subarctic TsurEace data increase or remain 
more or less constant. 
A comparison of these results indicates the great diffi- 
culties in obtaining representative data of actual temperature 
changes. This is especially true for the Arctic region, where 
the trends at the Asiatic and American sectors can be quite the 
opposite (Walsh 1977), indicating (as is demonstrated by 
averages for tropospheric layers, e.g. 500/1000 mb) a longitu- 
dinal displacement of the center of the polar cold vortex. 
Since all climatic variations are subject to large longitudinal 
variations, which can frequently mask the latitudinal changes, 
it is preferable to use maps (van Loon and Williams,1976 and 
1977) and/or empirical orthogonal functions (Walsh 1977) for 
an adequate description of climatic change, at least for 
parameters such as pressure, geopotential, or temperature. 
A good example of climatic variability dependent on longitude 
is the Greenland/NW Europe see-saw (van Loon and Rogers 1978), 
which has been known for more than two centuries; similar cases 
should also occur in other areas because of the quasistationary 
behavior of the long waves of the atmospheric westerlies. 
Unfortunately most investigations so far have concentrated 
on temperature changes, and little is known about large- 
scale rainfall patterns, which have perhaps the greatest impact 
on economy and society. Here records from single stations often 
are not representative and inhomogeneous; the use of areal 
averages is meaningful only ! if the data used are internally 
coherent, which is often not the case because of the rather 
rapidly declining spatial correlations, such as in the Medi- 
terranean. Recent evaluations (Doberitz 1969, Flohn and Fleer 
1975, Hastenrath 1976, 1977) have demonstrated the role of the 
longitudinally oriented Walker circulation (J. Bjerknes 1969) 
in the tropics. (It was originally named Southern Oscillation 
by Sir Gilbert Walker in the 1 9 2 0 ~ ~  an index has been given by 
Wright (1975).) This circulation today controls a see-saw 
correlation between equatorial upwelling and downwelling 
(Section IIc: Equatorial Upwelling, El ~ i s o ,  and Hydrologic 
Balance) in the Atlantic and in the Pacific (Doberitz 1969), 
which is similar to the see-saw between the Pacific and Indo- 
nesiawith the Indian Ocean, as was outlined by Walker and his 
successors (Berlage 1957, 1966). Since it is impossible to 
review the numerous investigations in this context, see Wright 
(1977). 
The recent cooZing  of the northern hemisphere, existing 
since about 1940, has been -0.3 or. -0 .~OC: this is apparently 
contradictory to the hypothesis of man-made warming. But 
note that the temperature trend of middle and high southern 
latitudes is reversed at the same time. One interpretation 
is by Damon and Kunen (1976), who consider the development in the 
southern hemisphere to represent the true C02 warming trend 
that is masked in the northern hemisphere by cooling, due to 
man-made particles and volcanic eruptions. Both arguments are 
not very convincing; in particular the latter is not confirmed 
by the recent occurrence of volcanic eruptions in the tropics 
south of the meteorological equator (Bali 1963, Galapagos 1968). 
Another possible interpretation is that, without the assumed 
warming that is due to C02 and equivalent to about +O.ZOC, the 
natural cooling of the northern hemisphere (which is probably 
partly due to volcanic activity, which had a minimum between 
0 1912 and 1948) would have reached -0.6 C. Because of the high 
interannual variability, this argument cannot be verified. 
0 A look at past climatic data indicates a variation of f0.5-0.6 C 
around a moving 100a average for the last centuries: this is a 
reasonable limit for natural fluctuations. In the northern 
- 
hemisphere, such a warming could be observed on the basis of 
5- or 10-year averages; this would have been above the noise 
level produced by interannual variability. 
There are some signs (see Kukla et al. 1977) that the 
cooling after 1945 has already passed its climax: since aSout 
1974,the polar region hasnot been as extremely cold as it was 
between 1964 and 1972, when the Arctic ice was progressing to- 
ward Iceland and Newfoundland (Figure 9). Evidence can be found 
in the monthly surface temperature maps of "GroRsetterlagen 
Europas" issued by the FRG Weather Service (see also Walsh 1977). 
The opposite temperature trend in high latitudes of both hemi- 
spheres and the small changes observed for low latitudes indicate 
that the c o o z i n g  of the Arctic between 1940 and 1970 was not a 
global phenomenon. If future man-made warming is superimposed 
on the natural fluctuations occurring in irregular intervals 
of several decades, it should intensify the natural warming 
episodes and weaken (or even reverse) the natural cooling epi- 
sodes. A warming of about 0. ~ O C  above the noise level, main- 

t a i n e d  f o r  a  p e r i o d  o f  a b o u t  t e n  y e a r s f w o u l d  c o i n c i d e  w i t h  t h e  
e x p e c t e d  t endency :  o n l y  t h i s  migh t  b e  a  s u f f i c i e n t l y  c o n v i n c i n g  
argument  a g a i n s t  s c i e n t i f i c  s c e p t i c i s m .  
0 Thus a g l o b a l  warming o f  0 . 5  C c a n  b e  assumed a s  a r e a s o n -  
a b l e  t h r e s h o l d  f o r  a g e n e r a l  p e r c e p t i o n  o f  warming--even i f  it 
may b e  s t i l l  i m p o s s i b l e  t o  d i s t i n g u i s h  q u a n t i t a t i v e l y  between 
t h e  c o n t r i b u t i o n s  by n a t u r a l  and a n t h r o p o g e n i c  p r o c e s s e s .  
For  t h a t  p e r i o d ,  a  r e p e t i t i o n  o f  some climatic p a t t e r n s  i n  t h e  
r e f e r e n c e  p e r i o d  ( t o  a v o i d  t h e  m i s l e a d i n g  term "normal")  o f  
1931-60 c a n  b e  e x p e c t e d ,  which h a s  been one  o f  t h e  warmest 
p e r i o d s  o v e r  t h e  l a s t  500 y e a r s .  T h i s  p e r i o d  was a l s o  c h a r a c -  
t e r i z e d  by a r e l a t i v e l y  low i n t e r a n n u a l  v a r i a b i l i t y  i n  some 
r e g i o n s  (e .g .  I n d i a ) ,  e x c e p t  f o r  w e s t e r n  and c e n t r a l  Europe ,  
where s e v e r e  w i n t e r s  and e x c e p t i o n a l  w e t  o r  d r y  summers w e r e  
o b s e r v e d  i n  t h e  1 9 4 0 s  (see, e . g .  R a t c l i f f e  e t  a l .  1 9 7 8 ) .  
A more g e n e r a l  n o t i o n  o f  t h e  r e c e n t  s h o r t - l i v e d  c l i m a t i c  
f l u c t u a t i o n s  c a n  b e  o b t a i n e d  from t h e  monthly maps o f  t h e  
500/1000 mb l a y e r  f o r  l a r g e  a r e a s  o f  t h e  n o r t h e r n  hemisphere ,  
p u b l i s h e d  i n  "GroBwetterlagenEuropas" s i n c e  1949 (see a b o v e ) :  
t h e  t h i c k n e s s  o f  t h i s  l a y e r  i s  p r o p o r t i o n a l  t o  t h e  t e m p e r a t u r e ,  
and r e p r e s e n t s  t h e  a v e r a g e  t e m p e r a t u r e  o f  t h e  lower  h a l f  o f  t h e  
a t m o s p h e r i c  m a s s  (-0-5 ?a). 
F i g u r e  9  (Dron ia  1974) g i v e s  t h e  d e v i a t i o n  o f  a r e a  a v e r a g e s  
f o r  t h e  p o l a r  c a p  65-90°N and f o r  l a t  50-90°N from a  25-year 
a v e r a g e  (1949-73) f o r  e a c h  c a l e n d a r  y e a r .  T h i s  p r o c e d u r e  
s u p p r e s s e s  a l l  l a t i t u d e - d e p e n d e n t  v a r i a t i o n s .  I n  t h i s  l a y e r ,  
t h e  s y s t e m a t i c  d e v i a t i o n s  o f  t h e  i n d i v i d u a l  r a d i o s o n d e s  a r e  
g e n e r a l l y  below 0 . 5 O ~  and c a n  b e  n e g l e c t e d .  The y e a r - t o - y e a r  
v a r i a t i o n s  a r e  s t i l l  r e l a t i v e l y  l a rge - -a  good example i s  t h e  
y e a r  of  1955, when a g r e a t  anomaly c e n t e r e d  i n  t h e  P a c i f i c .  
The marked c o o l i n g  d u r i n g  1962-64 c a n n o t  b e  i n t e r p r e t e d  a s  
hav ing  been c a u s e d  by t h e  Agung e r u p t i o n  ( B a l i )  i n  e a r l y  March 
1963, a l t h o u g h  t h i s  e v e n t  p r o b a b l y  c o n t r i b u t e d  t o  it. But 
s i n c e  t h e n  t h e  a v e r a g e  t e m p e r a t u r e  of  t h e  lower  t r o p o s p h e r e  i n  
p o l a r  l a t i t u d e s  h a s  remained a  few t e n t h s  o f  a  d e g r e e  c o o l e r  
than it was before. A worldwide comparison, based on 63 evenly 
spaced radiosonde stations in 1958-76 (Angel1 and Ko.rshover 1978), 
has verified the warming trend in high southern latitudes, 
indicating a cooling in northern and southern temperature 
latitudes, as well as an increasing temporal variability in the 
tropics; in all latitude belts, 1976 was one of the coldest years 
on record. 
In addition to such temperature data it is necessary to 
obtain, in the near future, continuous records of some inte- 
grating parameters, such as the extension of sea ice at the end 
of the melting season (in August or late February, respectively), 
especially for the North Atlantic sector where the greatest 
fluctuations are to be expected. The Commission on Snow and Ice 
of the International Union of Geophysics and Geodesy (IUGG) 
collects data of the glacier variations of many mountains; for 
our purpose the extended permanent ice fields and snowbeds 
in high latitudes are of paramount interest, more than valley 
glaciers in alpine mountains that, in quite a number of cases, 
only respond to local conditions. Their variations in size at 
the end of the melting period should be monitored, including 
e.g. the relative area of snowbeds in the, partly unglaciated, 
Queen Elizabeth Islands (Canadian Archipelago) and similar is- 
lands in the Siberian sector of the Arctic. Special mention 
should be made of the following ice fields (Hattersley-Smith 1974): 
Iceland: Vatnajbkull, Hofsjdkull, Laqjdkull 
(partly controlled by volcanic and 
geothermal activity)& Drangajdkull (NW) 
Baffin Island: Penny Ige Cap (66-67 N), Barnes Ice 
Cap (70 N) 
Devon Island: (75ON) 
Axel Heiberg Island: (79-81O~; investigated since 1959) 
Norway : Folgefonn (60O~) , Hardangerj dkull, 
Jostedals Breen, Svartisen (67O~) 
Svalbard: Edge Igland,Nordaustlandet 
Severna j a Zeml j a: (78-81 N) 
In the southern hemisphere, the large Patagonian ice field 
should be mentioned, situated at lat 48-50°s (Schwerdtfeger 
1956, 1958). A continuous evaluation of the snow-covered land 
area based on satellite data (Kukla et al.1977b) is also neces- 
s a r y ;  accord ing  t o  r e c e n t  expe r i ence  (1971-72),  t h e  e a r l y  appear-  
ance of a cont inuous  snow cover  i n  fa22 i s  of g r e a t  importance 
f o r  t h e  e v o l u t i o n  of  cold-season s u r f a c e  t empera tu re s  a t  b o r e a l  
c o n t i n e n t s .  
A GLOBAL WARMING SCENARIO BASED UPON PAST CLIMATES 
Medieval Warming 
According t o  t h e  wea l th  of ev idence  c o l l e c t e d  by Lamb 
(1977; see t h e r e  also r e f e r e n c e s  quoted a f t e r  Chapte rs  13 and 
1 7 ) ,  t h e  E a r l y  Middle Ages w a s  t h e  w a r m e s t  pe r iod  o f  t h e  l a s t  
mil lenium.  Its t empora l  peak s l i g h t l y  d i f f e r s  between areas 
(Dansgaard e t  a l .  1975, Alexandre 1977, Wigley 1977) ;  t h e  most 
remarkable  p e r i o d  was between about  900 and 1050. It w a s  charac-  
t e r i z e d  by unusua l ly  w a r m  and h o s p i t a b l e  c o n d i t i o n s  i n  Arctic 
l a t i t u d e s  (Bar ry  e t  a l .  1977) ,  w i t h  a d i sappea rance  of  sea ice 
i n  t h e  E a s t  Greenland C u r r e n t ,  c e r e a l  c u l t i v a t i o n  i n  I c e l a n d  and 
Norway up t o  6 5 O ~  (and even e x p e r i m e n t a l l y  i n  Green land) ,  and 
Eskimo s e t t l e m e n t s  as f a r  n o r t h  as El lesmere  Land and t h e  New 
S i b e r i a n  i s l a n d s .  A t  t h i s  t i m e ,  f o r e s t s  i n  Canada advanced 
up t o  100 km n o r t h  of  t h e  p r e s e n t  t i m b e r l i n e ,  s imu l t aneous ly  
w i t h  an  upward s h i f t  of  t h e  tree l i m i t s  i n  many European moun- 
t a i n s ,  i n d i c a t i n g  a t empera tu re  i n c r e a s e  around + 1°c (Table  4 )  . 
Frequent  d rough t s  occu r red  a l l  over  Europe sou th  of  6 0 O ~ ,  i n -  
c l u d i n g  t h e  Caspian Sea,  which s tood  a t  - 3 2  m ,  i . e .  lower t h a n  
now, a f t e r  l o s i n g  much water f o r  i r r i g a t i o n ,  and which r o s e  by 
12 m u n t i l  t h e  1 4 t h  c e n t u r y .  I n  t h e  Medi terranean r e g i o n ,  t h e  
Dead Sea w a s  n e a r l y  as low as it i s  now (C .  Kle in ,  J e rusa l em,  
p e r s o n a l  communication, 1 9 7 7 ) ,  b u t  t h e  n o r t h e r n  p a r t  of  t h e  
Sah-ara w a s  d e f i n i t e l y  w e t t e r :  c r o s s i n g  by h o r s e  caravan  ( ! )  
has  been r e p o r t e d  f o r  t h a t  t ime  (Nicho l son ) ,  as w e l l  as t h e  end 
of ear l ier  cat t le  r e a r i n g  around Kufra o a s i s ,  now n e a r  t h e  ten- 
ter  of  a r i d i t y .  China and Japan  had w a r m  summers (Chu 1973, 
Yoshino 19781, b u t  s e v e r e  w i n t e r s  i n  China, w i th  f r e e z i n g  of  
t h e  l a k e s  on t h e  s i d e s  of  t h e  Yangtsekiang,  have a l s o  been re- 
p o r t e d .  
Table  4 .  Climate  e s t i m a t e s ,  England and Wales 
(Lamb 1977) 
- -- -- 
~ a i n f a l l ~  
C l ima t i c  a Temperature (OC) Evaporat ion ~ u n o f f  a 
Per iods  J u l /  D e c -  J u l /  
Year Aug Feb Year Aug Year b Year 
L i t t l e   timu mum^, 
1150-1300 AD 10.2 16.3 4.2 103 85 
L i t t l e  I c e  Age, 
1550-1 700 
Recent Warm Pe r iod ,  9 . 4  15.8 4 . 2  
191 6-50 932ml-n 
a ~ e r c e n t  of 1 91 6-50 average .  
b ~ u r c  ' s formula.  
C Holocene W a r m  Per iod .  
d ~ a t a  probably a l s o  v a l i d  f o r  900-1050 AD. 
I n  North A m e r i c a ,  t h e r e  i s  evidence  of l a r g e  c u l t i v a t i o n s  
i n  I l l i n o i s  and Iowa, i n c l u d i n g  a remarkable urban c e n t e r  
(Bryson and Murray 1977) .  Tree  r i n g  d a t a  from C a l i f o r n i a  moun- 
t a i n s  a l s o  i n d i c a t e  h i g h e r  tempera tures  b u t  low r a i n f a l l ,  l i k e  i n  
SW Colorado. Evidence from t h e  t r o p i c s  i s  v e r y  s c a n t y ,  t h e  r a i n s  
i n  E t h i o p i a  concen t r a t ed  (Nicholson 1976) i n  t h e  sou the rn  p a r t  
of t h e  coun t ry  ( N i l e  f l o o d s  w e r e  low and Lake Turkana was h i g h ) ,  
whi le  no d a t a  a r e  a v a i l a b l e  f o r  I n d i a .  Even r e p o r t s  e x i s t  o f  
l o n g - l a s t i n g  warming on t h e  A n t a r c t i c  c o a s t ,  t o g e t h e r  w i th  a 
per iod  of marked drought  and f o r e s t  f i r e  i n  New Zealand. 
One i n t e r p r e t a t i o n  of t h e s e  d a t a  (Lamb 1977a) s u g g e s t s  a 
northward s h i f t  of t h e  cyc lone  t r a c k  by 3-5O l a t i t u d e  t o  60-65O~ 
and h igh  p r e s s u r e  c o n d i t i o n s  over  Europe, s i m i l a r  t o  t h e  warmest 
and d r i e s t  summers of t h e  pe r iod  of 1931-60. I n  w i n t e r ,  a s i m i l a r  
p a t t e r n  occur red  i n  t h e  n o r t h ,  which has  n o t  i n f r e q u e n t l y  been re- 
l a t e d  t o  a "blocking" p a t t e r n  wi th  s e v e r e  w i n t e r s  and extended 
d rough t s ,  e s p e c i a l l y  i n  e a s t e r n  Europe. Such a p a t t e r n  would be 
c o n s i s t e n t  wi th  t h e  marked r e t r ea t  of i c e  from t h e  Greenland seas. 
Since t h e  speed of t h e  Eas t  Greenland Current  i s  higher  than  t h e  
melt ing t i m e  of i c e  f l o e s ,  t h i s  i n d i c a t e s  a r e t r e a t  of t h e  A t l a n t i c  
d r i f t  i c e  t o  l a t i t u d e s  nor th  of 8 0 O ~ .  Cooling i n  nor thern  Greenland 
a f t e r  1160 (Dansgaard 1975) coinc ides  wi th  a marked advance of g la-  
c i e r s  i n  t h e  Alps and o t h e r  mountain ranges,  a reappearance of Arc- 
t i c  sea  i c e  around 1320, a s  w e l l  a s  extreme c l i m a t i c  anomalies and 
severe  famines throughout Europe and a long drought per iod  ( 2 0 0  years )  
i n  Iowa and I l l i n o i s , l e a d i n g  t o  mass emigrat ion from t h e s e  
a r e a s  (Bryson and Murray 1977) : t h i s  wave announced, a f t e r  se-  
v e r a l  i n t e r r u p t i o n s ,  t h e  t r a n s i t i o n  towards t h e  L i t t l e  I c e  Age 
(1 560-1 850) . 
Holocene Warm Period and t h e  Humid Sahara 
The h i s t o r y  of t h e  r e t r e a t  of t h e  mel t ing  i c e  domes of North 
America and nor thern  Europe a f t e r  t h e  l a s t  ice-age maximum 18,000 
years  ago i s  f a i r l y  w e l l  known ( s e e  Lamb 1977a, Chapter 16)  . 
Figure  10. European i c e  margins of t h e  l a s t  g l a c i a t i o n ,  18000- 
8000 BP;  a f t e r  Woldstedt (1  969) . 
F i g u r e  11.  I s o c h r o n e s  o f  t h e  wi thdrawal  o f  t h e  Nor th  American 
( L a u r e n t i d e )  ice s h e e t .  A l l  d a t e s  b e f o r e  p r e s e n t .  
Dots  show where r a d i o c a r b o n  d a t e s  have  been e s t a b -  
l i s h e d .  Moraines ,  c o a s t l i n e s  and a l l  o t h e r  a v a i l a b l e  
f i e l d  e v i d e n c e  used .  Source:  Bryson e t  a l .  (1 969) . 
While t h e  smaller Scandinav ian  ice  s h e e t  f i n a l l y  d i s a p p e a r e d  
before 8000 BP ( F i g u r e  10)  , t h e  Nor th  American ice s h e e t  s t i l l  
covered a b o u t  50% of  i t s  fo rmer  a r e a  ( F i g u r e  1 1 ) ,  d i s i n t e g r a t i n g  
a f t e r  a c a t a s t r o p h i c  i n c u r s i o n  of t h e  s e a  i n t o  Hudson Bay 
(Hughes e t  a l .  1977) .  S e p a r a t e  i c e  s h e e t s  remained: t h e  
Labrador ice d i d  n o t  d i s appea r  b e f o r e  about  4500 BP, wh i l e  some 
2 ice f i e l d s  o f  about  35,000 km i n  i n t e r i o r  B a f f i n  Land have ap- 
p a r e n t l y  su rv ived .  T h i s  c r e a t e d  a marked longitudinal asymmetry 
of t h e  a tmospher ic  c i r c u l a t i o n  between 8000 BP and 6500 BP (Lamb 
1977a), which f aded  o u t  by 4500 BP. During t h i s  ep i sode ,  E u r a s i a  
and A f r i c a  expe r i enced  t h e  warmest epoch of t h e  l a s t  75,000 y e a r s ,  
b u t  e a s t e r n  North America remained r e l a t i v e l y  c o o l ,  c e r t a i n l y  
i n  summer, w i t h  f r e q u e n t  ou tb reaks  o f  p o l a r  a i r .  T h i s  caused a 
predominance of  s o u t h w e s t e r l y  winds ove r  t h e  A t l a n t i c ,  p robably  
producing an  i n t e n s i f i c a t i o n  of  t h e  Gulf Stream and i t s  no r th -  
ward f lowing branches .  I n  w i n t e r ,  t h e  - f r e q u e n t  occu r rence  of  
a n t i c y c l o n i c  r i d g e s  a t  long  0-20°w would be  c o n s i s t e n t  w i t h  f r e -  
quen t  o u t b r e a k s  of p o l a r  a i r  a l s o  ove r  c e n t r a l  and e a s t e r n  Europe, 
ex t end ing  w i t h  copious  p r e c i p i t a t i o n  i n t o  t h e  Medi te r ranean  and 
n o r t h e r n  A f r i c a .  
The p r e s e n t  d e s c r i p t i o n  r e f e r s  mainly  t o  t h e  peak of t h e  
epoch,  around t h e  y e a r  6000 BP. Data are g iven  h e r e  i n  r a d i o -  
carbon years ;  t h e i r  conve r s ion  i n t o  c a l e n d a r  y e a r s ,  w i t h  a p o s s i b l e  
d i f f e r e n c e  of up t o  1 2 % t i s  a p p a r e n t l y  a g a i n  a matter of con t ro -  
ve r sy .  I n s u f f i c i e n t  t ime  r e s o l u t i o n  of  t h e  d a t a  a v a i l a b l e  does  
n o t  y e t  a l l ow t r e a t m e n t  of  t h e  e x i s t i n g  f l u c t u a t i o n s  on a 100a 
o r  even 500a scale. 
F o r e s t s  i n  wes t e rn  Canada and i n  wes te rn  S i b e r i a  extended 
200-300 km f a r t h e r  n o r t h  t h a n  t h e y  a r e  today;  t h e  summer 
t empera tu re  h a s  been e s t i m a t e d  t o  have been h i g h e r  by 2-3O. Sub- 
a r c t i c  f o r e s t  a l s o  covered t h e  nor thernmost  i s l a n d s  o f  Norway and 
t h e  whole of Taimyr pen insu la .  T h i s  w a r m  p e r i o d ,  however, came 
t o  an  end around 4800 BP, when, on account  of  a p o l a r  ou tb reak  
l a s t i n g  f o r  no l o n g e r  t h a n  about  200 y e a r s ,  t h e  Canadian t imber -  
l i n e  moved s o u t h  by more t h a n  300 km (N icho l s  1975) .  Almost 
s imu l t aneous ly  w i t h  t h i s  r e l a t i v e l y  s h o r t  e v e n t ,  many impor t an t  
climatic s h i f t s  towards  a " n e o g l a c i a l "  c l i m a t e , s i m i l a r  t o  t h e  
L i t t l e  I c e  Age between 1550-1850 AD,occurred i n  many a r e a s ,  t o -  
g e t h e r  w i t h  a g r a d u a l  d e s i c c a t i o n  o f  t h e  a c t u a l  Arid  B e l t  (see 
l a t e r )  . 
The wa te r s  of t h e  Kuroshio,  between Taiwan and Japan ,  w e r e  
up t o  ~ O C  w a r m e r  t han  now (Taira 1975) .  With some delay, t h e  
i n t e r i o r  A r c t i c  exper ienced  i t s  warmest Holocene pe r iod  a f t e r  
4500 BP, w i th  open waters i n  t h e  f j o r d s  and a long  t h e  n o r t h e r n  
c o a s t s  of Sp i t zbe rgen ,  Greenland,  and El lesmere Land, a l lowing  
S i b e r i a n  d r i f twood  t o  r e a c h  t h e s e  c o a s t s  up t o  l a t  8 3 O ~  (Vasa r i  
e t  a l .  1972; Barry 1977) .  However, t h e r e  i s  no i n d i c a t i o n  t h a t  
t h e  co re  of t h e  p r e s e n t  A r c t i c  d r i f t  ice between Greenland,  
Alaska,  and e a s t e r n  S i b e r i a  has  d i sappea red .  A s  r e g a r d s  t h e  
s e a  l e v e l ,  o n l y  c o n f l i c t i n g  evidence i s  a v a i l a b l e  f o r  a world- 
wide r i se  of a  few meters a t  t h e  t i m e ;  t h i s  q u e s t i o n  w i l l  be 
cons idered  i n  S e c t i o n  YIc: Same I m p l i c a t i o n s  of a Unipolar  
Cl imat ic  Asymmetry. 
I n  t h e  S u b a n t a r c t i c  ocean,  t h e  most r a p i d  s h r i n k i n g  of t h e ,  
mainly s e a s o n a l ,  A n t a r c t i c  d r i f t  i c e  l e d  t o  a warming peak a s  
e a r l y  as 9000 BP (Hays 1977) . S i m i l a r l y ,  t h i s  warm p e r i o d  had 
a l r e a d y  s t a r t e d  be fo re  7000 BP ( s t a r k e l  1977) i n  e a s t e r n  S i b e r i a ,  
where no major ice s h e e t s  had formed d u r i n g  t h e  prev ious  g l a -  
c i a t i o n .  A t  Lake Biwa i n  central Japan ,  t h e  warm pe r iod  w a s  i n i -  
t i a t e d  be fo re  8000 BP ( F u j i ) .  The t r a n s i t i o n  between t h e  g l a c i a l  
and i n t e r g l a c i a l  (Holocene) modes of t h e  atmospheric-oceanic 
c i r c u l a t i o n  was very  complex, superimposed by a  series of a b r u p t  
changes between c o l d  and warm phases  (Bal l ing ,  U l e r 5 d )  
between about  13,500 and 10,800 BP.  A t  t h e  end of t h i s  p e r i o d ,  
t h e  t r o p i c a l  oceans  became s l i g h t l y  warmer than  t h e y  a r e  now, 
which was most p robably  accompanied by a  s u b s t a n t i a l  weakening of 
t h e  t r o p i c a l  (Hadley) c i r c u l a t i o n .  I n c r e a s i n g  evapora t ion  r a i s e d  
t h e  water  vapor c o n t e n t  of t h e  t r o p i c a l  a i r ,  l e a d i n g  t o  a  r a p i d  
expansion of t h e  t r o p i c a l  r a i n b e l t  and r a i n  f o r e s t s  (which had 
been d r a s t i c a l l y  reduced d u r i n g  t h e  prev ious  i c e  age)  towards 
h ighe r  l a t i t u d e s  (Rognon and Will iams 1977; Shackleton 1977) .  
For  England and Wales, Lamb has  g iven  e s t i m a t e s  of t h e  
b a s i c  c l i m a t i c  parameters ,  i n c l u d i n g  t h o s e  r e p r e s e n t i n g  o t h e r  
c l i m a t i c  s t a g e s  of i n t e r e s t  (Table  4 ) .  A t  t h e  m i d l a t i t u d e  ocean ic  
c o a s t s  t h e  probable  tempera ture  i n c r e a s e  was 1 . 5 -2O~.  I n  o t h e r  
c o n t i n e n t a l  a r e a s  t h e  i n c r e a s e  was lower,  a t  least i n  nor th-  
e a s t e r n  North America. I n  t h e  a r e a  between 85O and 9 5 O ~ ,  a  t r i -  
a n g l e  wi th  p r a i r i e  v e g e t a t i o n  extended i n t o  Wisconsin and I l l i n o i s ,  
reaching  a  maximum a t  about  7000 BP (Bernabo and Webb 1977) . To- 
g e t h e r  w i th  some a r e a s  i n  SW S i b e r i a  and i n  e a s t e r n  Turkey, t h i s  
i s  one of t h e  few a r e a s  t h a t  was t h e n  d r i e r  t han  it i s  now. The 
occur rence  of thermophi lous  s p e c i e s  i n  European and A s i a t i c  
f o r e s t s  (F renze l  1967, 1968a, b)  i n d i c a t e d  somewhat h i g h e r  t e m -  
p e r a t u r e s  and r a i n f a l l .  Permafros t  i n  e a s t e r n  S i b e r i a  r e t r e a t e d  
seveqa l  hundred k i l o m ~ t e r s  n o r t h  of i t s  p r e s e n t  p o s i t i o n :  a  
s i m i l a r  r e t r e a t  i n  Canada and Alaska can be expected because of 
t h e  northward e x t e n s i o n  of  t h e  v e g e t a t i o n  l i n e s .  I n  t h e  moun- 
t a i n s  t h e  upper t ree l i n e  s h i f t e d  upwards by 100-150 m,  which 
i n d i c a t e s  a  warming of  n e a r l y  I0c.  
I n  s u b t r o p i c a l  l a t i t u d e s ,  t h e  p r e s e n t  a r i d  a r e a s  enjoyed 
w e t t e r  c o n d i t i o n s .  S ince  everywhere t h e  tempera ture  was h ighe r  
o r  s i m i l a r  t o  t o d a y ' s  t empera ture ,  t h i s  humid c l i m a t i c  phase 
(Sa rn the in  1978) must have been r e l a t e d  t o  h ighe r  p r e c i p i t a t i o n  
and caused by h ighe r  evapora t ion  of  t h e  t r o p i c a l  oceans  (see 
Sec t ion  IIc: E q u a t o r i a l  Upwelling, E l  ~ i ' i i o ,  and Hydrologic 
Balance) .  This  was probably c o r r e l a t e d  w i t h  a  weakening of  t h e  
s u b t r o p i c a l  a n t i c y c l o n e s  and of t h e  t r a d e  winds. 
Perhaps t h e  most s u r p r i s i n g  f e a t u r e  i s  t h e  r e c e n t l y  e s t a b -  
l i s h e d  occur rence  o f  a  marked humid per iod  i n  t h e  s a h a r a ,  a s  w e l l  
a s  i n  t h e  d e s e r t s  of t h e  Middle E a s t  (Nicholson 1976; Faure  and 
W i l l i a m s  1978) .  S ince  p a r t s  o f  t h i s  humid phase occur red  simul- 
t aneous ly  on both  f l a n k s  of  t h e  d e s e r t ,  t h e  model of a  p a r a l l e l  
s h i f t  of  c l i m a t i c  zones towards N o r  S, a s  t h e  seasona l  v a r i a t i o n s  
sugges t ,  cannot  be cons ide red  r e p r e s e n t a t i v e .  Evidence based on 
a c t u a l  d a t a  suppor t s  t h e  i d e a  of a  tendency towards synchronous 
s h r i n k i n g  o r  expansion of t h e  Arid B e l t  a t  both f l a n k s .  Th i s  
a l s o  has  been found, on a  much s h o r t e r  t ime-sca le  (Nicho l son) ,  
i n  t h e  16 th  and 1 9 t h  c e n t u r i e s ,  t o g e t h e r  w i t h  a  prolonged 
r a i n y  summer season.  During t h e  maximum pe r iod  of t h i s  mo i s t  
pe r iod  between 8400 and 5900 BP (F igure  1 2 ) , t h e  remnants of  t h e  
North American i c e  and t h e  f r e q u e n t  co ld  ou tb reaks  w i t h i n  t h e  
European o r  Af r i can  sectors p o s s i b l y  caused an  expansion of t h e  
Medi terranean r a i n s  towards t h e  sou th .  Marked h igh- t ropospher ic  
t roughs  ex tending  d i a g o n a l l y  a c r o s s  t h e  Sahara  t r i g g e r  o f f  
Figure  12. T e n t a t i v e  r a i n f a l l  e s t i m a t e s  f o r  t h e  Lake Chad 
(Mega-Chad) catchment; p o l l e n  d a t a  and chronology, 
d e r i v e d  mainly from l o c a l  C I 4  d a t a ,  a f t e r  Maley 
(1977a, b ) .  R a i n f a l l  e s t i m a t e s  f o r  d i f f e r e n t  vege- 
t a t i o n  t y p e s  a r e  combined; on ly  du r ing  w e t  phases  
t h e  p o l l e n  assemblage r e a l l y  r e p r e s e n t s  t h e  e n t i r e  
catchment ( l a t  6 - 2 4 0 ~ ) .  
lat 
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Figure 13. Interaction between "diagonal" upper troughs in the 
subtropical westerlies (200 mb or -12 km) and tropi- 
cal easterlies with traveling vortices (850 mb or 
-1.5 km). Coincidence of lower convergent and 
upper divergent motion produces "Sahara depressions" 
moving toward NE ahead of the upper trough, which is 
visible from satellites as an elongated cloud band. 
tropical disturbances, which cross the arid zone as "Sahara 
depressions", initiating more frequent rains even in the 
central belt between lat 21° and 2 6 O ~  (Figure 13) (Flohn 1971). 
In addition to many other, now dry, Sahara lakes, Lake ~ e g a - C h a d  
(which stood then at least 40 m higher, with an extension of 
nearly 320,000 km2 comparable to the actual Caspian Sea, over- 
flowing at the peak to the Benue-Niger catchment) represents a 
quite different hydrologic situation. Similarly,Lake Turkana 
(formerly Lake Rudolf) discharged into the White Nile catchment 
(Butzer et al. 1972). Even in the now hyperarid center of the 
Sahara between Kufra Oasis and Tibesti Mountains--today with 
less than 5 mrn of rain per year--permanent rivers were flowing 
(Pachur 1975), indicating at least 200 nun, and more probably 
300-400 rnm, of rainfall. The grasslands were utilized by many 
groups of cattle-raising nomads (Gabriel 1 977) . 
S i m i l a r  ev idence  h a s  been found th roughout  t h e  Arid  B e l t  
of t h e  Old World between Mauretania  ( l ong  17OW) and Ra ja s than  
( long  7 7 O ~ )  , i n c l u d i n g  t h e  Af ar-Danakil  d e p r e s s i o n  and i n t e r i o r  
Arabia.  A t  t h e  margin of Thar r  d e s e r t  ( I n d i a ) ,  w i t h  an average  
r e c e n t  r a i n f a l l  of about  250 mm, t h e s e  r a i n s  i n c r e a s e d  ( F i g u r e  1 4 )  
t o  v a l u e s  of 500-800 mm d u r i n g  a long  moi s t  pe r iod  between about  
10,500 BP and about  3600 BP (Singh 1974; Murray 1977; Bryson i n  
A.B. P i t t o c k  e t  a l .  1978; and p e r s o n a l  communication). The i n -  
d i v i d u a l  f l u c t u a t i o n s  may be u n c e r t a i n ,  as w e l l  as t h e  d a t e s  f o r  
t h e  beginning and t h e  end of t h e  mo i s t  p e r i o d ;  t h e  occu r rence  of 
a long m o i s t  p e r i o d  a t  t h i s  time a g r e e s  w e l l  w i t h  ev idence  from more 
~ h a n  30 o t h e r  s p o t s  l y i n g  more t h a n  8,000 km a p a r t  ( c f  . t h e  summary 
review by Rognon and W i l l i a m s  1 9 7 7 ) .  Here a g a i n ,  bo th  monsoonal 
summer r a i n s  and e x t r a t r o p i c a l  w i n t e r  r a i n s  i n c r e a s e d ,  o c c u r r i n g  
a t  t h e  same s p o t .  
Throughout t h i s  area, g r a d u a l  d e s i c c a t i o n  se t  i n  a t  about  
5500 BP, i n t e r r u p t e d  by r e l a t i v e l y  w e t t e r  p e r i o d s .  I t  seems 
noteworthy,  acco rd ing  t o  most r e c e n t  d a t a ,  t h a t  t h e  e a r l y  h igh  
c i v i l i z a t i o n s  ( t h e  Old Empire of Egypt from t h e  f i r s t  t o  t h e  
f o u r t h  d y n a s t i e s ,  t h e  Near E a s t  urban c e n t e r s  between J e r i c h o  
and U r ,  t h e  Indus  c u l t u r e )  s t a r t e d  a t  t h e  end of t h i s  r e l a t i v e l y  
w e t  p e r i o d ,  having t o  f i g h t  i n c r e a s i n g  d e s i c c a t i o n .  North 
of about  l a t  3 5 a ~  (Butzer  1975) ,  however, t h e  d i sp lacement  of 
t h e  w i n t e r  r a i n s  towards  t h e  sou th  l e a d  t o  a d r y  pe r iod  jn 
Ana to l i a  and I r a n ;  b e s t  ev idence  has  been found by a s imul taneous  
lowering (and s a l i n i z a t i o n )  of Lake Van i n  e a s t e r n  A n a t o l i a  by 
300-400 m (Kempe and Degens 1977) . 
Evidence f o r  t h e  Holocene c l i m a t i c  h i s t o r y  of t h e  a r i d  
southwest  of t h e  U.S.A. i s  poor ,  excep t  f o r  t h e  e x i s t e n c e  of a 
f r e shwa te r  l a k e  i n  c e n t r a l  N e w  Mexico i n  t h i s  mo i s t  pe r iod .  
C l ima t i c  c o n d i t i o n s  i n  A u s t r a l i a  d u r i n g  t h e  Holocene w a r m  
pe r iod  w e r e  q u i t e  s imilar :  i n c r e a s e d  p r e c i p i t a t i o n  o c c u r r e d  
a t  t h e  n o r t h e r n  and s o u t h e r n  margins o f  t h e  d e s e r t  t o g e t h e r  w i t h  
a s l i g h t  warming, even a t  a l t i t u d e s  above 2500 m ,  i n  t h e  mountains 
of  N e w  Guinea (Bowler e t  a l .  1976) .  By c o n t r a s t , t h e  ev idence  
a v a i l a b l e  f o r  sou the rn  A f r i c a  (van Zinderen Bakker 1 976) i n d i -  
c a t e s  w a r m e r ,  b u t  d r i e r ,  s e m i d e s e r t i c  c o n d i t i o n s  a t  t h e  i n t e r i o r  
p l a t e a u .  
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Figure  14. R a i n f a l l  e s t i m a t e s  i n  Rajas than  (Bryson 1975; 
s i m p l i f i e d  i n  Bryson and Murray 1977; f o r  p o l l e n  
d a t a  and ch rono log ie s  see Singh e t  a l .  1974) .  
While t h e  i n d i v i d u a l  f l u c t u a t i o n s  may be  t o o  l a r g e ,  
t h e  g e n e r a l  tendency i s  s u f f i c i e n t l y  r e l i a b l e  and 
a g r e e s  w i t h  a l l ' e v i d e n c e  a v a i l a b l e  f o r  Arabia  and 
n o r t h e r n  A f r i c a .  
A t  t h i s  p o i n t  it i s  necessary  t o  d i s c u s s  t h e  ques t ion :  t o  
what e x t e n t  can c l i m a t i c  h i s t o r y  r e p e a t  i t s e l f  under vary ing  
boundary cond i t ions?  There were two such e s s e n t i a l  c o n d i t i o n s  
du r ing  E a r l y  Holocene, i .e .  u n t i l  about  5500 BP: t h e  presence  
of l i m i t e d  and shal low,  b u t  n o t  n e g l i g i b l e ,  permanent i c e  s h e e t s  
only  i n  e a s t e r n  Canada, and t h e  l ack  of man-triggered d e s e r t i f i -  
c a t i o n  processes .  
These permanent i c e  s h e e t s  s e e m  t o  have d isappeared  even- 
tually, fa i r ly  in p a r a l l e l  t o  t h e  d e s i c c a t i o n  a f t e r  5500 BP. 
This  can be understood i f  one t a k e s  i n t o  account  t h e  
e f f e c t  a  permanent c o l d  source  i n  e a s t e r n  Canada has on 
t h e  c i r c u l a t i o n  p a t t e r n  i n  theEuropean  s e c t i o n ,  which 
( s i m i l a r l y  a s  under t o d a y ' s  c o n d i t i o n s  i n  s p r i n g )  should 
f avor  a  g r e a t  f requency o f  b locking  a n t i c y c l o n e s  i n  t h e  
r eg ion  of t h e  B r i t i s h  Isles and Scandinavia ,  w i th  in-  
c r e a s i n g  c y c l o n i c  a c t i v i t y  i n  t h e  Mediterranean.  Th i s  
should have been e f f e c t i v e  e s p e c i a l l y  i n  l a t e  s p r i n g ,  
summer, and f a l l ,  and should have been accompanied by 
f r e q u e n t  deep t roughs  over  e a s t e r n - c e n t r a l  Europe ex- 
tending  d i a g o n a l l y  i n t o  no r the rn  Af r i ca  ( s e e  F igure  1 3 ) .  
S i m i l a r  c o n d i t i o n s  i n  t h e  nea r  f u t u r e  could on ly  be ex- 
pected i f  a  permanent snow cover  were t o  develop i n  t h e  
a r e a  of B a f f i n  I s l a n d  and Labrador; t h i s  i s  u n l i k e l y  t o  
occur  i n  t h e  nex t  decades,  b u t  n o t  a b s o l u t e l y  impossible  
(see Chapter V I I :  Conclus ions) .  
~ n c r e a s i n g  man-triggered d e s e r t i T i c a t i o n  (Hare 1976) 
has  probably c o n t r i b u t e d  t o  t h e  slow and g radua l  d e s i c -  
c a t i o n  process .  Actual  r e p r e s e n t a t i v e  r a i n f a l l  d a t a  
of many a r i d  r e g i o n s  ob ta ined  s i n c e  1890 ( R a j a s t h a 4  
o r  1904 ( sou the rn  Tunesia)  do n o t  r e v e a l  a  downward 
t r e n d .  Models designed by Charney (1975) ,  Berkofsky 
(1976, 1977) ,  E l s a e s s e r  e t  a l .  (1976) ,  and Joseph (1977) 
d e s c r i b e  man-made d e s t r u c t i o n  of  v e g e t a t i o n  a s  being 
t h e  cause  of  i n c r e a s i n g  s u r f a c e  a lbedo and i n t e n s i f i -  
c a t i o n  of  t h e  a c t u a l  subsidence processes  which should re- 
duce e f f e c t i v e  r a i n f a l l .  A r e v e r s a l  of such d e s e r t i f i c a t i o n  
p rocesses  ( s o i l  e r o s i o n ,  d e f l a t i o n ,  d e s t r u c t i o n  of 
v e g e t a t i o n ,  groundwater d e p l e t i o n ,  and s a l i n i z a t i o n )  
seems p o s s i b l e  only i f  repea ted  l a rge - sca le  r a i n f a l l  
t r i g g e r s  an adequate vege ta t ion  cover t h a t  can be pro- 
t e c t e d  a g a i n s t  overgrazing and t h e  ever  inc reas ing  
s t r a i n  caused by r a p i d  populat ion growth. Only then  
t h e  weak p o s i t i v e  feedback e f f e c t  " d e s e r t i f i c a t i o n - -  
inc reas ing  albedo--increasing subsidence--less 
ra infa l l - -extended d e s e r t i f i c a t i o n t t  could be i n t e r -  
rupted  and (possibly!)  reversed.  This  would n e c e s s i t a t e  
a  major concerted e f f o r t .  
From argument 1.  one should conclude t o  expect  no s u b s t a n t i a l  
change i n  r a i n f a l l  along t h e  nor thern  margins of t h e  Old World 
Arid B e l t .  I n  t h e  southern f l a n k  t h i s  might be p o s s i b l e  i f ,  a s  
i s  expected,  t h e  s u b t r o p i c a l  an t i cyc lones  g e t  s l i g h t l y  l e s s  in-  
t e n s i v e  and a r e  d i sp laced  towards h igher  l a t i t u d e s .  This  would 
weaken t h e  t r a d e  winds of t h e  nor thern  hemisphere a s  we l l  a s  
c o a s t a l  and e q u a t o r i a l  upwelling, leading  t o  h igher  evaporat ion 
and a  l a r g e r  water vapor con ten t .  
From argument 2 .  we should conclude t h a t ,  given our p r e s e n t  
populat ion growth, r e c o n s t r u c t i o n  of t h e  n a t u r a l  v e g e t a t i o n  cover 
i s  a  socioeconomic problem, and t h a t  s e v e r a l  decades may pass  . 
before  a r e l i a b l e  long-term i n c r e a s e  i n  r a i n f a l l  could be 
achieved i n  t h i s  way. Here much f u r t h e r  r e sea rch  of a  t r u l y  
i n t e r d i s c i p l i n a r y  n a t u r e  i s  c e r t a i n l y  needed. 
The Las t  I n t e r g l a c i a l  (Eem Sensu S t r i c t o )  
Recent i n v e s t i g a t i o n s ,  of ocean cores  i n  low and middle 
l a t i t u d e s  a s  w e l l  a s  of c o n t i n e n t a l  l o e s s  d e p o s i t s  i n  Aus t r i a  
and Czechoslovakia, have ind ica ted  t h a t  over t h e  p a s t  2 - 2 . 5  
m i l l i o n  yea r s  a  sequence of  a t  l e a s t  17 l a rge - sca le  g l a c i a t i o n s  
of nor thern  c o n t i n e n t s  has  occurred,  i n t e r r u p t e d  by t h e  same 
number of i n t e r g l a c i a l s  wi th  a  c l ima te  s i m i l a r  t o  t h e  p resen t  
one. Deta i led  d a t a  a r e  a v a i l a b l e  only  f o r  more r e c e n t  even t s ,  
e s p e c i a l l y  f o r  t h e  l a s t  g l a c i a t i o n  between about 73,000 and 
about 14,000 BP;  it i nc ludes  two major g l a c i a l  peaks a t  t h e  
beginning and end, and a t  l e a s t  f i v e  s h o r t e r  pe r iods  wi th  a  
s l i g h t l y  warmer climate ( i n t e r s t a d i a l s )  . For t h e  c o n t r o v e r s i a l  
s u b j e c t  o f  chronology,  see f o r  example Kukla (1977a ) .  
The l a s t  i n t e r g l a c i a l ,  h e r e  d e f i n e d  as s t a g e s  5a-5e 
(Emi l i an i  and Shackle ton ,  1 9 7 4 ) ,  l a s t e d ,  w i t h  t w o  impor tan t  i n -  
t e r r u p t i o n s ,  from about  130,000 BP t o  75,000. I ts  c l i m a t e  i n  
Europe and Asia h a s  been c a r e f u l l y  d e s c r i b e d  by F r e n z e l  (1968a ) ,  
w h i l e  t h e  i n fo rma t ion  on North America i s  h a r d l y  adequa te  f o r  
a r e g i o n a l  d e s c r i p t i o n ,  and ev idence  f o r  o t h e r  c o n t i n e n t s  i s  
a lmos t  comple te ly  l a c k i n g .  D e t a i l e d  i n v e s t i g a t i o n s  of  t h e  c l i m a t e  
a t  t h e  e a r l i e s t  peak o f  t h e  l a s t  g l a c i a l  (Eem sensu s t r i c t o ,  o r  
s t a g e  5e Emi l ian i -Shackle ton)  a t  around 125,000 BP a r e  being 
c a r r i e d  o u t  by t h e  CLIMAP group ( C l i n e  and Hays 1976) ,  which e v a l -  
u a t e s  t h e  l a r g e  number of  a v a i l a b l e  ocean c o r e s  t o  o b t a i n  a 
r e a l i s t i c  estimate of s e a  s u r f a c e  t empera tu re s  and s a l i n i t i e s .  
S ince  t h i s  subper iod  i s  a p p a r e n t l y  t h e  warmest o f  a l l  i n t e r g l a -  
c i a l ~ ,  a c l i m a t i c  i n t e r p r e t a t i o n  i s  given  i n  t h e  fo l lowing .  
I n  n o r t h e r n  and e a s t e r n  Europe t h e  c l ima te 'was ,much  more 
ocean ic  t h a n  it i s  a t  p r e s e n t ;  t h i s  was .ma in ly  due t o  t h e  h igh  
s e a  l e v e l  of abou t  5-7 m above t o d a y ' s  l e v e l ,  which i s o l a t e d  
Scandinavia  from t h e  c o n t i n e n t  by a n  ocean ic  channe l  connec t ing  
t h e  B a l t i c  and t h e  White Sea. The s e a  also p e n e t r a t e d  deep ly  
i n t o  t h e  c o n t i n e n t  i n  wes t e rn  S i b e r i a ,  a long  t h e  Ob and Yenisey 
f l o o d  p l a i n s  up t o  l a t  6 2 O ~ .  Table  5  g i v e s  a s e l e c t i o n  of 
c l i m a t i c  d a t a  from p o l a r  and m i d l a t i t u d e s  i n  E u r a s i a  and North 
America, w i t h  t empera tu re s  g e n e r a l l y  2 - 3 O ~  h i g h e r  t han  today ,  
and s t i l l  h i g h e r  i n  some areas, and s l i g h t l y  more humid ( f o r  
d e t a i l s  see F r e n z e l ,  1967 and 1968) .  The f o r e s t s  i n  t h e  a c t u a l  
coo l - tempera te  zone were t h e n  thermophi lous:  deciduous trees 
l i k e  oak ,  l i n d e n ,  e l m ,  h a z e l ,  and hornbeam p r e v a i l e d .  The occur-  
r e n c e  of hippopotamus, f o r e s t  e l e p h a n t s ,  and l i o n s  i n  s o u t h e r n  
England i s  a  remarkable  f e a t u r e  of  t h i s  warm c l i m a t e  (Lamb, 1977, 
p. 1 8 8 ) .  Thermophilous f o r e s t  i n  e a s t e r n  S i b e r i a  i n d i c a t e d  a  
marked re t reat  of pe rmaf ros t  up t o  l a t  5 7 O ~  (now around 
l a t  SOON); b o r e a l  f o r e s t s  extended up t o  t h e  c o a s t l i n e s  of  t h e  
t ime .  The h igh  t empera tu re  e s t i m a t e s  sugges t  a  s e a s o n a l  r e t r e a t  
of A r c t i c  d r i f t  i c e  f a r  away from t h e  c o a s t s ,  which, however, 
w e r e  inundated by t h e  h igh  e u s t a t i c  s e a  l e v e l .  wh i l e  m a r -  
g i n a l  p a r t s  o f  t h e  A r c t i c  d r i f t  i c e  were probably d i s p l a c e d  
T a b l e  5.  C l i m a t i c  D i f f e r e n c e s :  E m - A c t u a l  ( F r e n z e l  1967) 
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poleward ,  i t s  c e n t r a l  core i n  t h e  ocean  between G r e e n l a n d ,  
Alaska ,  and e a s t e r n  S i b e r i a  h a s  remained unchanged,  a t  l e a s t  
s i n c e  t h e  b e g i n n i n g  of t h e  Brunhes  pa leomagne t i c  epoch  700,000 
y e a r s  ago  (.Herman 1977) .  Worldwide compar i sons  of ocean  cores 
i n d i c a t e  t h a t ,  d u r i n g  t h i s  s t a g e ,  t h e  sea l e v e l  s t o o d  a t  leas t  
6 m h i g h e r  t h a n  a t  p r e s e n t ,  as  e v i d e n c e d  a t  Barbados ,  Hawai i ,  
New Guinea ,  M a l l o r c a ,  a n d  on t h e  l o w e r  Thames. 
The d u r a t i o n  o f  t h e  Eem s e n s u  s t r ic to  was o n l y  on t h e  o r d e r  
o f  10 ,000 y e a r s ;  it was t e r m i n a t e d  by a markedly  a b r u p t  and re- 
l a t i v e l y  s h o r t  p e r i o d  o f  c o o l i n g ,  d u r i n g  which t h e  g l o b a l  ice  
volume i n c r e a s e d  and d e c r e a s e d ,  p o s s i b l y  c a u s i n g  a s e s l e v e l  change of 
60-70 ( i n s t e a d  o f  100 m or even more l i k e  i n  t h e  l a s t  ice a g e ) .  
I n  t h e  Eern p e r i o d ,  A t l a n t i c  p o l a r  w a t e r ,  w i t h  some s e a s o n a l  ice, 
r e t r e a t e d  n o r t h  o f  l a t  76ON f o r  a b o u t  8000 y e a r s ,  w h i l e  sub- 
t r o p i c a l  waters, which a p p a r e n t l y  d i d  n o t  e x t e n d  n o r t h  o f  4 4 O ~  
i n  t h e  Holocene,  r e a c h e d  52ON ( K e l l o g g  1976) . 
Two o t h e r  warm p h a s e s  followed, b u t  w i t h  a  less thermo- 
p h i l o u s  f o r e s t  and a l o w e r  sea l e v e l .  F i g u r e  15  g i v e s  a s i m -  
p l i f i e d  d iagram,  f o r e s t  v e r s u s  t u n d r a ,  from a p e a t  bog core i n  
NE F r a n c e  ( W o i l l a r d ,  1975 and 1978) i l l u s t r a t i n g  t h e  a p p a r e n t  
b r e v i t y  of t h e  t w o  i n t e r r u p t i n g  c o l d  e p i s o d e s  on t h e  c o n t i n e n t .  
The second c o o l i n g  ( l o c a l l y  c a l l e d  M e l i s e y  11) a p p a r e n t l y  c o i n -  
c i d e s  w i t h  s e v e r a l  marked e v e n t s  i n  n o r t h e r n  Green land  ( l a t  7 6 O ~ ,  
Dansgaard e t  a l .  1 9 7 2 ) ,  i n  a d e e p  c a v e  i n  s o u t h e r n  F r a n c e  
(Duplessy  e t  a l .  1 9 7 2 ) ,  i n  p e a t  bogs  i n  n o r t h e r n  Greece 
( W i  jmstra 1978) and C a l i f o r n i a  (Adams 1977)  , and i n  many ocean  
cores of  t h e  C a r i b b e a n  (Kenneth and  Huddles tone  3 9 7 2 ) ,  d u r i n g  
c o o l i n g  s t a g e  5b  ( E m i l i a n i  and S h a c k l e t o n  1 9 7 4 ) .  The worldwide 
o c c u r r e n c e  o f  s t a g e s  5a-5e ( E m i l i a n i - S h a c k l e t o n )  i s  v e r i f i e d  by  
many c o m p l e t e  o c e a n i c  and  c o n t i n e n t a l  cores i n  a l l  l a t i t u d e s .  
I n  a l l  w e l l - e v i d e n c e d  i n t e r g l a c i a l s ,  e x c e p t  f o r  t h e  a c t u a l  
Holocene,  s u c h  r a t h e r  a b r u p t  c o o l i n g s  w i t h  a S u b a r c t i c  o r  A r c t i c  
climate have  been  o b s e r v e d  t o  l a s t  o n l y  f o r  some c e n t u r i e s  o r  
1000-2000 y e a r s  ( " a b o r t i v e  g l a c i a t i o n s " ) .  The p h y s i c a l  mechanism 
o f  s u c h  a b r u p t ,  b u t  c e r t a i n l y  n a t u r a l  e v e n t s ,  r e c u r r i n g  a b o u t  
once i n  10,000 years, i s  n o t  y e t  known; s p e c u l a t i o n s  a b o u t  t h e  
p o s s i b l e  r o l e  o f  c l u s t e r i n g  v o l c a n i c  e r u p t i o n s  or o f  A n t a r c t i c  
s u r g e s  (see S e c t i o n  I I b :  The R o l e  o f  t h e  A n t a r c t i c  C o n t i n e n t a l  
Ice S h e e t )  a r e  s t i l l  open q u e s t i o n s .  
There  i s  l i t t l e  e v i d e n c e  f o r  l o w  l a t i t u d e s ;  t h e  o c c u r r e n c e  
o f  a l o n g  humid p h a s e ,  w i t h  a d e e p  l a k e  i n  t h e  A f a r  T r i a n g l e  
( w e s t  o f  D j i b o u t i ,  see Gasse a n d  D e l i b r i a s  1 9 7 6 ) ,  and  a l s o  a l o n g  
t h e  w e s t e r n  A f r i c a n  coast ( D i e s t e r - H a a s s 1 9 7 6 ) ,  s u g g e s t s  c o n d i -  
t i o n s  s i m i l a r  f o  t h o s e  p r e v a i l i n g  d u r i n g  t h e  E a r l y  Holocene.  
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ICE-FREE ARCTIC VERSUS GLACIATED ANTARCTIC? 
Causes and Time-Scale of a Possible Opening 
of the Arctic Ocean 
The most fascinating, and also most controOersia1, problem 
of the future evolution of man's climate is the possibility of 
a complete disappearance of the drift ice of the Arctic ocean 
(see Section IIa: The Role of Polar Sea Ice). The sensitivity 
of the multiphase air-snow-ice-ocean system (Figure 1) is 
demonstrated by the relatively large amount of seasonal melting 
(from above) and freezing (from below), at an average of about 
50 cm/year. Unfortunately no figures for different years are 
available; recent experience based on ice and weather ship data 
suggests a high interannual variability. In particular, it is 
highly sensitive with respect to the heat flow of the ocean below, 
the albedo of the ice-snow surface during the melting season, 
and certainly with respect to the length of the melting season 
ending incidentally with the first snow cover. Having demon- 
strated the sensitivity of the system, Budyko first (1962) dis- 
cussed the possibility of artificial removal of the Arctic sea 
ice, and later on designed simple semiempirical models (1969, 
1972) based on the heat balance of the earth-atmosphere system. 
He noted that small increases in the solar constant or an in- 
crease in the atmospheric C02 content might lead rather rapidly 
to an ice-free Arctic ocean, substantially increasing the surface 
0 temperature by about 6-8 C in summer, but to more than 20°c in 
winter. 
Since that time arguments for adagainst such a drastic 
evolution--which probably goes beyond the imagination of many 
responsible scientists--have been discussed, in private circles 
much more than in publications. Since no sufficiently realistic 
model of the climatic system is available, including the physical 
, and dynamical interaction and the feedback processes between 
atmosphere, drift ice, and ocean, this problem cannot find a 
satisfactory solution now. One of the first attempts to simulate 
atmospheric circulation under such conditions has beenmade by 
Fletcher (1973) , on the basis of the Mintz-Arakawa model (Figure 16) . 
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- ocean into a circulation model 
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Since Budyko's initiative, simple one-dimensional models 
have frequently been investigated (e.g. Sellers 1969, 1973). One 
of the most important simplifications was to define the latitude 
of boundary @ of the polar zone as equivalent to an average P 
latitudinal temperature of the warm half-year of -l°C (Budyko 
1977) ; then the planetary albedo, as seen from space, was taken 
to be 0.62 (0.77) for the northern (southern) polar cap. This 
procedure introduces parameterization of the highly effective 
snow-albedo-temperature feedback. According to Budyko's most 
recent monograph (1977) the relationship between @ and solar 
P 
radiation has the form of a hysteresis loop: f is larger 
(smaller) when the incoming radiation, as determining parameter, 
increases (decreases) from a value lower (higher) than the actual 
value (Figure 17) (Budyko 1977; Figure 8) . In another diagram 
(Figure 9, p. 65 of Budyko 1977) he demonstrates the relation 
between the average planetary air temperature and solar radia- 
tion: there the difference between points E (ice-free regime) 
and 3 (present situation) is equivalent to a temperature change 
of about 4OC. This is higher than the temperature increase in 
6 
all warm phases (1-2. 5OC) of the last 2 Ma (1Ma = 10 years) , 
but the difference is not very big. If one accepts Budyko's 
model as a reasonable first guess, the possibility of such a 
regime cannot be excluded. Furthermore, temperature estimates 
for the vegetation pattern during relevant past epochs (Section 
VIb: Coexistence of Open Arctic and Glaciated Antarctic During 
the Late Tertiary) also suggest a -temperature about 4OC higher 
- 
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Figure 17. Expected temperature change due t o  h y s t e r e s i s  
i n  t h e  case  of formation o r  disappearance of 
A r c t i c  sea  i c e  (arrows) , s i m p l i f i e d  a f t e r  
Budyko (1977). 
than  today i n  t h e  nor the rn  hemisphere. I n  t h i s  case ,  however, 
t h e  h y s t e r e s i s  loop i s  taken  from above and no t  from below, a s  
must be expected i n  a p o s s i b l e  f u t u r e  evolu t ion .  
Looking a t  seasonal  v a r i a t i o n s  i n  t h e  hea t  budget of t h e  
A r c t i c  sea  i c e ,  Maykut and Unte r s t e ine r  (1971) have s t r e s s e d  t h e  
r o l e s  of s u r f a c e  albedo and oceanic  h e a t  flow; t h e i r  e s t ima te  
2 2 
of t h e  oceanic  hea t  flow (1.5 kcal/cm a = 2 W / m  ) is ,  according 
t o  more r e c e n t  d a t a ,  much t o o  small  and should be increased  by 
a f a c t o r  of 6 t o  7 (Aagard and Greisman 1975).  The r o l e  of t h e  
s u r f a c e  albedo dur ing  t h e  melt ing season is  e f f e c t i v e  only i n  
t h e  case  of su r face  p o l l u t i o n ,  by d u s t  o r  o i l  wastes.  The r o l e  
of t h e  f l u x  of s e n s i b l e  h e a t  i s  on an annual average,  s l i g h t l y  
l e s s  than 10% of n e t  s o l a r  r a d i a t i o n  a s  we l l  a s  of t h e  longwave 
t e r r e s t r i a l  r a d i a t i o n  (Figure  2 ,  s e e  a l s o  Vowinckel and Orvig 
1970);  t h e  same i s  t r u e  f o r  t h e  f l u x  of l a t e n t  h e a t  (evapora t ion)  
i n  t h e  same upward d i r e c t i o n .  Since t h e  annual n e t  r a d i a t i o n  a t  
t h e  s u r f a c e  i s  q u i t e  small  a t  p resen t ,  t h e  hea t  f l u x  from t h e  
ocean i s  approximately equal  t o  t h e  two f l u x e s  i n t o  t h e  atmo- 
sphere.  
The melt ing process  of t h e  sea  i c e  t a k e s  only 50-60 days 
( p l u s  an a d d i t i o n a l  20 days f o r  snowmelt), l eading  t o  a phase 
t r a n s i t i o n  of about 15-20s of t h e  average mass of an i c e  f l o e ;  
i n  t h e  remaining months a s i m i l a r  amount f r e e z e s  from below. 
It is obvious that interannual changes in terms of the heat 
budget--which should be on the order of t20% or even higher-- 
may significantly alter these estimates. These are, in substance, 
verified by only a few 12-month campaigns. If one assumes, for 
a period of a few years, only a 10% increase in summer melting 
and a 10% decrease in cold season freezing, the destruction of 
a 2-3 m ice floe takes a short time. If the melting season 
started 1-2 weeks earlier, perhaps as a consequence of advective 
warming, it would most certainly lead to a substantial imbalance 
of the sensitive mass budget. There is also a negative feedback, 
however: in winter the accretion rate is negatively correlated 
with thickness, i.e. thin ice accretes much faster than thick 
ice (Thorndike et al. 1975), because of the higher value of the 
upward heat flux. By contrast, a positive correlation exists 
during melting. 
According to the large areal fluctuactions of the ice over 
the last millenium (Section Va: Medieval Warming) (Lamb 1977a), 
there is little doubt that at least the marginal sections of the 
Arctic drift ice can disappear rather rapidly. This argument is 
not valid for the central core whose maintenance has been verified 
by several independent lines of evidence at least for the period 
since the Brunhes-Matuyama boundary 0.7 Ma ago, and has been 
determined as rather likely forthe last 2.3 Ma. However, if the 
global warming exceeds the amount of fluctuations (UP to +2-5O~) 
of the last 6-8 glacial-interglacial cycles, this argument is 
0 not longer true; with a representative warming of 4 C or more 
like in the Late Tertiary (Section VIb: Coexistence of Open 
Arctic and Glaciated Antarctic During the Late Tertiary), dis- 
appearance of the central core of the drift ice is almost cer- 
tain.  his would be equivalent (Chapter 111: The "Combined 
Greenhouse Effect" of C02 and Atmospheric Trace Gases) to an in- 
crease in the virtual C02 level by a factor of almost 3. The 
equivalent increase in the real C02 level would be by a factor 
of about 2.5 (Table 3 )  . 
The atmospheric heat budget above an ice-free Arctic ocean 
is completely different from that of the present situation. 
Disregarding some earlier attempts, this paper presents some 
calculations by Vowinckel and Orvig (1970, p.220) as the most 
complete approach available. The heat budget equation for a 
column above the Arctic cap (75-90° lat) between the earth's 
surface (Sfc) and the top of the atmosphere(TA) can be written 
as follows: 
where R = net radiation flux, F = northward heat transport 
across 7 5 O ~  by ocean (s) and atmosphere (a). In equilibrium, 
the divergence of the downward radiation flux div R 
= RSfc - %A 
must equal the convergence of the horizontal flux of sensible and 
latent heat. Table 6 gives estimates for these individual terms, 
assuming, in the case of an ice-free Arctic ocean, either a 
cloudless atmosphere or a closed stratus cover. Both assumptions 
are unrealistic, but the role of clouds of different altitude, 
thickness, and extension for the radiation fluxes is not yet 
sufficiently understood. Somewhat more realistic is the assump- 
tion of a cloudless sky during summer (from May to August), when 
the continents favor a thermal circulation with subsidence over 
the sea; for the rest of the year a closed stratus should pre- 
2 2 
vail (see last line). The data are given in watts/m (Ikcal/cm a= 
2 1 kilolangley/a = 1.327 W/m ) .  
The most interesting result is that of a p o s i t i v e  annual 
n e t  r a d i a t i o n  budget, div R (Table 6, last line); in this case 
heat would be available for export from the Arctic. The advec- 
tive oceanic heat flux Fs is, according to the most recent 
evaluation (Aagard and Greisman 197 5) , 1 0.6 w/m2 , much larger 
2 than in most earlier investigations (Vowinckel and Orvig, &7W/m ) .  
One of the largest terms is the export of ice by the East Green- 
land Current, which contributes about 50% to the warming of the 
Arctic ocean, since the ice is melted externally. In an earlier 
attempt with much greater uncertainties, Donn and Shaw (1966) 
2 obtained an imbalance of +26.3 kLy/a -35 W/m . The h e a t  s u r p l u s  
coincides with the obvious consideration that, during the c o l d  
season, heat and water vapor should be e x p o r t e d  from 'an ice-free 
2 Table  6. Annual F a d i a t i o n  and h e a t  budget  ( i n  M/m ) of t h e  
A r c t i c  cap  (75 -90°~)  under d i f f e r e n t  assumptions  
(Vowinckel and Orvig 1970) 
d i v  R 
+ 3.3 +100.8 -97.5 +97.5 ~ / m  2 P r e s e n t  c o n d i t i o n s  
I c e - f r e e ,  no c louds  29.4 59.1 -29.7 +29.7 " 
I ce - f r ee ,  c l o s e d  s t r a t u s  42.7 92.9 -50.2 +50.2 " 
a  I c e - f r e e ,  s e a s o n a l l y  va ry ing  62.1 58.3 + 3.8 - 3.8 " 
asee t e x t  
ocean towards t h e  c o n t i n e n t s ,  which ought  t o  be ,  i n  subpo la r  
l a t i t u d e s ,  c e r t a i n l y  c o l d e r  t han  an open ocean. An open A r c t i c  
ocean should r e c e i v e  a t  t h e  s u r f a c e  an  annua l  n e t  r a d i a t i o n  of  
30 - 60 w/m2 (Table  6 ) .  I f  one assumes RSfc  2 = 45 W/m , a l lowing  
4 0 %  f o r  evapora t ion  i n  summer (when t h e  s m a l l  f l u x  of s e n s i b l e  
2  2 h e a t  i s  probably downward), t h e n  27 ~ / m  o r  20 kcal/cm a r e  
a v a i l a b l e  f o r  h e a t  s t o r a g e  i n  t h e  sea. For  a 50 m mixed s u r f a c e  
l a y e r ,  t h i s  y i e l d s  an average  h e a t  s t o r a g e  of 4 c a l J g ,  which i s  
0 
e q u i v a l e n t  t o  a warming of 4 C i n  one s i n g l e  summer. I f  one 
assumes, under a c t u a l  c o n d i t i o n s ,  an average  a r e a  of  polynyas 
t o  be  about  12.5$, t h e  h e a t  g a i n  of  t h e  s u r f a c e  l a y e r  would have 
inc reased  by a f a c t o r  o f  8 .  I n  w i n t e r ,  i n f r a r e d  emiss ion  in -  
creases w i t h  tempera ture :  i f  t h e  s u r f a c e  tempera ture  i n c r e a s e s  
from - 3 5 O ~  t o  OOC, t h e  blackbody r a d i a t i o n  i n c r e a s e s  o n l y  by 
about  60%. But due t o  t h e  much h i g h e r  w a t e r  vapor  c o n t e n t ,  
a tmospher ic  c o u n t e r r a d i a t i o n  w i l l  a l s o  rise s u b s t a n t i a l l y ,  s o  
t h a t  t h e  n e t  i n f r a r e d  r a d i a t i o n  o f  t h e  ocean s u r f a c e  i s  expec ted  
n o t  t o  change much. These e s t i m a t e s  pe rmi t  t h e  conc lus ion  t h a t  
a  new equilibrium water temperature w i l l  be  reached a f t e r  a  few 
y e a r s ,  which should be  indeed s u b s t a n t i a l l y  h i g h e r  t h a n  t h e  m e l t -  
i n g  t empera tu re  o f  saltwater; Budyko ' s  estimate of +aOc cannot  
be  s o  f a r  from r e a l i t y .  This  would a l s o  be  c o h e r e n t  w i t h  t h e  
a i r  t empera tu re s  e s t i m a t e d  f o r  L a t e  T e r t i a r y  v e g e t a t i o n  a t  h i g h e s t  
l a t i t u d e s .  
Coexis tence of an Open Arctic Ocean and a  Glaciated 
A n t a r c t i c  Cont inent  During t h e  La te  T e r t i a r y  
One of  t h e  main arguments a g a i n s t  a  p o s s i b l y  i c e - f r e e  A r c t i c  
ocean i n  a  f o r e s e e a b l e  f u t u r e  has  been t h e  e x i s t e n c e  of t h e  
h igh ly  g l a c i a t e d  A n t a r c t i c  c o n t i n e n t .  Indeed it i s  n o t  easy  t o  
imagine a  completely  asymmetric p l a n e t  w i t h  one po le  i c e - f r e e ,  
and t h e  o t h e r  one covered by an ice s h e e t  more than  2 km t h i c k .  
It  should be mentioned t h a t  a  s i m i l a r  asymmetry probably e x i s t e d  
7  f o r  s e v e r a l  10 y e a r s  d u r i n g  t h e  Permo-Carboniferous g l a c i a l  
pe r iod  about  250 Ma ago. A t  t h a t  t ime,  however, s e v e r a l  of  t h e  
e a r t h ' s  c o n t i n e n t s  formed one g i a n t  supe rcon t inen t  (Gondwana) 
s i t u a t e d  a t  h ighe r  l a t i t u d e s  of t h e  sou the rn  hemisphere i n c l u d i n g  
t h e  p o l e ,  wh i l e  i n  t h e  no r the rn  hemisphere most o f  o u r  p r e s e n t  
c o a l  d e p o s i t s  w e r e  formed i n  f o r e s t  swamps s i m i l a r  t o  t h e  Ever- 
g l a d e s  i n  southern  F l o r i d a .  The boundary c o n d i t i o n s  on t h e  e a r t h ' s  
s u r f a c e  a r e  d i f f e r e n t  today ,  b u t  n o t  s o  much d i f f e r e n t :  a c t u a l l y ,  
one p o l e  i s  s i t u a t e d  on a f a i r l y  l a r g e  and completely  i s o l a t e d  
ice-covered c o n t i n e n t ,  and t h e  o t h e r  one i n  a deep,  a lmost  land-  
locked ocean w i t h  a  t h i n  s k i n  of  f l o a t i n g  ice. To some e x t e n t ,  
t h i s  a l s o  causes  an asymmetric c i r c u l a t i o n  of atmosphere and ocean 
(Flohn 1977) (see S e c t i o n  I I b :  The Role of  t h e  A n t a r c t i c  Con- 
t i n e n t a l  Ice S h e e t ) .  
A s  r e g a r d s  t h e  background of a  p o s s i b l e  e v o l u t i o n  of  an 
i c e - f r e e  A r c t i c  ocean, it is  of  paramount i n t e r e s t  t h a t  e x a c t l y  
t h e  same s i t u a t i o n  had e x i s t e d  immediately b e f o r e  t h e  o n s e t  of 
t h e  P l e i s t o c e n e ,  w i t h  i t s  sequence o f  g l a c i a l s  and i n t e r g l a c i a l s  
i n  t h e  no r the rn  hemisphere and a  more o r  less c o n s t a n t  g l a c i a t i o n  
of t h e  A n t a r c t i c .  A s  t h e  r e s u l t s  of  t h e  Deep Sea D r i l l i n g  Program 
have shown, t h e  A n t a r c t i c  ice had developed t o  i t s  p r e s e n t  s i z e  
about  t e n  m i l l i o n  y e a r s  ( i .e .  a  pe r iod  f i v e  t imes  t h e  d u r a t i o n  
of  t h e  P l e i s t o c e n e )  b e f o r e  t h e  format ion of A r c t i c  d r i f t  ice. 
Two r e c e n t  rev iews  (Kennet t  1977a, Frakes  1978) e v a l u a t e  t h e  
evidence a v a i l a b l e ,  a r r i v i n g  a t  on ly  s l i g h t l y  d i f f e r e n t  r e s u l t s .  
The end of t h i s  p e r i o d ,  i n  t h e  P l iocene  (about  2-5 Ma a g o ) ,  t h e  
e a r l y  hominids, our  a n c e s t o r s ,  l i v e d  i n  a savanna environment i n  
e q u a t o r i a l  Eas t  A f r i c a  l e a r n i n g  how t o  u s e  pebbles  a s  a weapon and 
a s  a  t o o l  (Flohn 1978a) .  (Unfor tuna te ly  they  d i d  no t  y e t  know how t o  
r eco rd  c l i m a t e . )  To what e x t e n t  c l i m a t i c  changes may have con- 
t r i b u t e d  t o  t h e  development i n  t h e  ape-man t r a n s i t i o n  i s  no t  y e t  
known. 
For t h e  l a s t  50-70 Ma, A n t a r c t i c a  has  been s i t u a t e d  near  t h e  
South Pole ,  b u t  was connected wi th  A u s t r a l i a  and o t h e r  p a r t s  of 
t h e  former Gondwana c o n t i n e n t .  Both p o l e s  w e r e  i c e - f r e e  through- 
o u t  t h e  Mesozoic and t h e  Ea r ly  T e r t i a r y  (about  200-50 Ma ago) 
(Schwarzbach 1974) .  The a t p o s p h e r i c  c i r c u l a t i o n  was probably 
dominated by t h e  t r o p i c a l  Hadley ce l l s  r each ing ,  w i th  s t r o n g  
seasonal  v a r i a t i o n s ,  t o  l a t  50-60° (Flohn 1964b) . The mer id iona l  
ex tens ion  of  ~ u s t r a l i a a n d ~ t a r c t i c a  c used warm oceanic  cur -  
r e n t s  prevent ing  any g l a c i a t i o n  u n t i l  t h e  beginning of t h e  Eocene 
(55 Ma ago) . Soon t h e r e a f t e r  , A u s t r a l i a  s epa ra t ed  from A n t a r c t i c a  
and d r i f t e d  northward a t  an average speed o f  5 cm/a, wh i l e  Ant- 
a r c t i c a  remained n e a r l y  f i x e d  (.Kennett e t  a l .  1977a) .  A f t e r  a 
long per iod  of i n c r e a s i n g  win te r  snow. w i t h  p o s s i b l y  l o c a l  g l a c i a -  
t i o n s  i n  W e s t  A n t a r c t i c a  and s t e a d i l y  dec reas ing  water t empera tures  
( . s m a l l  surface-bottom d i f f e r e n c e ) ,  t h e  f i r s t  s i g n i f i c a n t  drop  i n  
temperature  occur red  38 M a  ago, near  t h e  Eocene/Oligocene boun- 
da ry ,  a f f e c t i n g  e s p e c i a l l y  t h e  bottom l a y e r s  ( i . e .  a dec rease  
5 by SOC w i t h i n  less t han  30 y e a r s ,  which i s  remarkably ab rup t  f o r  
t h e  time, see Figure  3 8 ) .  A t  t h i s  t ime s u b s t a n t i a l  A n t a r c t i c  
seA ice formed, c o i n c i d i n g  wi th  t h e  development of widespread 
g l a c i a t i o n  i n  p a r t s  of  t h e  A n t a r c t i c  c o n t i n e n t  (Kennett  1977a) .  
Like under p r e s e n t  c o n d i t i o n s ,  t h e  c o l d  and dense  bottom water  
spread  outward i n t o  a l l  oceans,  caus ing  a cons ide rab le  worldwide 
crisis i n  t h e  deep-sea fauna.  A f t e r  f u r t h e r  c l i m a t i c  f l u c t u a t i o n s  
of  more g e o l o g i c a l  importance,  i nc lud ing  a s i g n i f i c a n t  g l o b a l  
coo l ing  dur ing  t h e  Oligocene (38-22 Ma a g o ) ,  a n o t a b l e  A n t a r c t i c  
i c e  cap formed d u r i n g  t h e  Middle Miocene (1 4-1 2 Ma ago) t o  become 
a permanent f e a t u r e ;  it probably was s t i l l  "warm", i .e .  wi th  
tempera tures  c l o s e  t o  t h e  me l t ing  p o i n t .  Th i s  format ion occurred 
roughly a t  t h e  same t ime a s  t h e  v o l c a n i c  a ~ t i v i t y ~ s h a r p l y  in -  
c reased ,  a s  can  be noted from many ocean d r i l l i n g s  (F igure  19,  
Kennett e t  a l .  3 9 7 7 ~ ) .  Soon a f t e r  t h a t  peak, t h e  f i r s t  mountain 
g l a c i e r s  i n  southern  Alaska appeared,  a s  w e l l  a s  a f i r s t  cold-  
water  fauna i n  northernmost Japan (Kanno and Masuda 1978) ,  and 
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temperatures  i n  t h e  Suban ta rc t i c  (about 500S, 
16OoE) s i n c e  l a t e  Paleocene ca.  58 Ma,ago 
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Figure 19. Volcanic ashes  i n  some circum-Pacific provinces 
dur ing  t h e  Late  T e r t i a r y  and Quaternary (time- 
s c a l e  a t  l e f t )  (Kennett e t  a l .  1977).  
a  marked drop i n  t h e  s u r f a c e  temperature i n  t h e  high l a t i t u d e  
P a c i f i c  (Savin e t  a l .  1975) . 
The h ighes t  g l a c i a l  maximum, c h a r a c t e r i z e d  by a  "cold" and 
slowly moving i c e  dome, was reached a t  t h e  end of t h e  Late  
Miocene o r  Messinian (6.5-5 Ma a g o ) ,  when t h e  i c e  volume was 50% 
l a r g e r  than  it is today. Then t h e  he igh t  of  t h e  i c e  dome must 
have been s e v e r a l  hundred m e t e r s  higher ,  and t h e  Ross s h e l f  ice 
reached s e v e r a l  300 km f a r t h e r  nor th .  This  peak was accompanied 
by a  remarkable g l o b a l  coo l ing ,  by a  300 )an northward spread of 
co ld  Anta rc t i c  s u r f a c e  waters ,  and a  high carbonate  sedimentat ion 
r a t e  a t  t h e  e q u a t o r i a l  p a c i f i c ,  i n d i c a t i n g  s t rong  upwelling of 
n u t r i t i o u s  cool  water  ( S a i t o  e t  a l .  1975) .  7-10 c y c l i c  temperature 
changes w e r e  observed, with minima a s  co ld  a s  i n  t h e  co ld  phase 
of t h e  l a s t  g l a c i a t i o n ;  t h i s  is  n o t  n e c e s s a r i l y  i n d i c a t i v e  of a  
g l o b a l  cool ing ,  b u t  shows t h e  i n t e n s i t y  of t h e  e q u a t o r i a l  up- 
wel l ing .  One of t h e  most important  consequences was a  "g lac ia l - -  
e u s t a t i c "  drop of t h e  sea  l e v e l  of 40'-50 m below t o d a y ' s  l e v e l ,  
due t o  t h e  s t o r a g e  of water i n  t h e  A n t a r c t i c  i c e  dome. During 
t h i s  drop t h e  G i b r a l t a r  S t r a i t ,  o r  i t s  predecessor ,  f e l l  d r y  
i s o l a t i n g  t h e  Mediterranean, which evaporated completely 8-10 
t imes  t o  a  depth of 3700 m and f i l l e d  again ,  l eav ing  a  laminated 
sal t  l a y e r  of 300-500 m t h i c k n e s s  (Hsti e t  a l .  1973,1977) . This  
lamina t ion  and t h e  p a l e o c l i m a t i c  h i s t o r y  o f  e q u a t o r i a l  P a c i f i c  
sediments i n d i c a t e  a c y c l i c  behavior  a t  a time s c a l e  of  about  
5 10 yea r s ,  which l a s t e d  f o r  about  0.5 Ma, and was probably 
caused by o r b i t a l  e lements  s i m i l a r  t o  t h o s e  e f f e c t i v e  du r ing  t h e  
P le i s tocene .  
During and a f t e r  t h a t  t ime ,  t h e  Arctic enjoyed a cool-tem- 
p e r a t e  c l i m a t e  wi th  b o r e a l  f o r e s t s  extending up t o  t h e  nor thern-  
most t i p  o f  land;  i n  t h e  Late  Miocene and P l iocene  t h e  e n t i r e  
s h e l f  n o r t h  of Asia and Alaska f e l l  d r y ,  and t h e  c o n t i n e n t s  ex- 
tended 200-600 Ian f a r t h e r  n o r t h ,  e.g. i n  S i b e r i a  up  t o  8 1 ° ~ ,  and 
i n  Canada up t o  8 3 O ~  (Hopkins 1967) .  The v e g e t a t i o n  d i s t r i b u t i o n  
i n  S i b e r i a  s h o r t l y  b e f o r e  t h e  f i r s t  appearance of ice on t h e  
European c o n t i n e n t  (Late Pl iocene ,  about  2.5 Ma ago) has  been 
mapped on t h e  base  of r i c h  d a t a ,  publ ished mainly by Russian 
a u t h o r s  (F renze l  1968a ,b) .  No evidence of tundra  nor  widespread 
permafrost  could be found. Summer tempera tures  have been est i -  
mated t o  have been by about  ~ O C  higher  i n  western Europe, b u t  
4-5O~ h ighe r  i n  e a s t e r n  Europe; t h e r e  and i n  S i b e r i a  annual  and 
w i n t e r  temperatures  must h s v e  been 5-loOc h igher  than  now 
( F r e n z e l ) .  S ince  t h e  r e l a t i v e  and a b s o l u t e  h e i g h t s  of many 
mountains were s i g n i f i c a n t l y  lower than  t h e y  a r e  now, a s  i s  
demonstrated by a f l a t  o r  r o l l i n g  topography covering t h e  
h i g h e s t  l e v e l s ,  ocean ic  r a i n f a l l  could p e n e t r a t e  f a r t h e r  i n l a n d ;  
p r e c i p i t a t i o n  has  been e s t ima ted  t o  have been h igher  by 300-400 rnm 
4Frenze l ) .  Only i n  a few a r e a s ,  such a s  southern  C a l i f o r n i a  and 
NW I ce l and ,  l o c a l  g l a c i e r s  formed s imultaneously wi th  t h e s e  b o r e a l  
f o r e s t s ,  b u t  produced no s i g n i f i c a n t  l a rge - sca le  c l i m a t i c  e f f e c t .  
A s imultanecus g l a c i a t i o n  of p a r t s  of Greenland can be assumed, 
b u t  t h e r e  is  no evidence f o r  it, due t o  t h e  s t r o n g ,  and probably 
permanent, g l a c i a l  e r o s i o n  s i n c e  t h a t  t i m e .  Along t h e  c o a s t s  of 
Alaska,  w e l l  developed b o r e a l  mixed f o r e s t s  extended more than  
800 km n o r t h  of some of t h e  p r e s e n t  tree l i m i t s .  The f o s s i l  i n -  
s e c t  fauna a t  l a t  6 6 O ~  resembled t h e  i n s e c t  fauna now l i v i n g  i n  
t h e  Vancouver-Seatt le a r e a  a t  l a t  48-SOON (Hoplcins e t  a l .  1371 ) . 
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Figure 20. Displacement of northern boundary of the 
northern hemisphere arid zone (Evaporites 
are gypsum, salts, etc.) (Lotze 1964). 
During Pliocene (5-2 Ma ago) the Ross Ice shelf in A n t a r c t i c a  
extended beyond its present boundary, and glaciation started 
(about 3.6 Ma ago (Mercer 1976)) in southern South America. 
From ice-rafted pebbles one may infer that, simultaneously with 
a northward shift of the boundary of the cold Antarctica surface 
water, Antarctic tabular icebergs occurred and spread also north- 
ward, reaching north even farther than during the Pleistocene 
glaciations. 
Of special interest is the middle and lower latitude climate. 
After many careful investigations, Lotze (1964) compiled maps of 
the position of the e v a p o r i t e  b e l t  during past climates, i.e. of 
the arid zone of playas and sebkhas, where soluble salts were 
sedimented in dry pans. A combination of the northern limits of 
the northern arid belt from these maps is presented here (Figure 
20), indicating a s.outhward ahift from an average latitude of 
about 47ON in the Early and Middle Tertiary to 42ON in the 
Miocene/Pliocene, and to 38ON in the Pleistocene. In the context 
of this paper, only the latter comparison is important. The 
multiple desiccation of the Mediterranean that occurred during 
the Messinian--a shokt portion of the Miocene/Pliocene from 
6.5 Ma to 5 Ma BP--aggravated the arid conditions in southern 
Europe. A similar southward shift of the vegetation belts of 
North America has been compiled by Dorf (Figure 21). 
During the Messinian, even south-central Europe was partly 
arid, with steppe or desert vegetation near Vienna (Schwarzbach 
1974; Hstl 1974); SW Germany was also drier than it is now 
(Schwarzbach in Nairn 1964). While, before these events, 
tropical marine microfossiles had occurred abundantly in the 
Atlantic up to lat 58ON, this boundary retreated during the 
desiccation of the Mediterranean on the eastern side of the 
Atlantic to about lat 33O~. No such tropical species could enter 
the Mediterranean after its reopening at the early Pliocene 
(5 Ma ago), while they still reached farther than lat SOON in 
the Gulf Stream region. This indicates a great longitudinal 
contrast, probably caused by the wind-driven surface currents 
of the oceans. 
Many regional temperature and precipitation estimates are 
quoted (e.g. Magdefrau 1968, Schwarzbach 1974). Since in the 
Late Tertiary many of our present mountains existed only in 
rudimentary form, these numerical data cannot be taken as being 
representative of near-future conditions. This is obvious, e.g. 
in the case of the now arid continental basin of Nevada or the 
Mojave desert, which enjoyed a rather moist maritime climate 
near sea level during the Late Miocene. Summer temperatures 
were then lower by ~ O C ,  and winter temperatures higher than now 
by 8-loOc (Schwarzbach). During the same time sequences, SW 
Germany enjoyed a subtropical or, later, warm-temperate climate 
(Magdefrau). In the tropics, the extension of savanna climates 
with seasonal rains was much wider than it is today, but the equa- 
torial rainforest with all-year rain was reduced. In the Oligocene 
and Miocene (Maley 1978), the vegetation patterns of the African 
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Figure 21. Displacement of vegetation boundaries in 
North America from Middle and Late Miocene 
to the present (Dorf 1960). 
c o n t i n e n t  r e v e a l e d  t h e  same marked asymmetry. While t h e  sou the rn  
Sahara  w a s  covered w i t h  a t r o p i c a l  humid o r  a t  l e a s t  semi-humid 
v e g e t a t i o n  (which h a s  p e r s h s t e d  i n  sou the rn  N i g e r i a ) ,  sou the rn  
A f r i c a  and t h e  Zaire b a s i n  were d r y  and sometimes f u l l y  d e s e r t i c .  
The same a r i d i t y  has  a l s o  been observed i n  n o r t h e r n  A u s t r a l i a  
e s p e c i a l l y  a f t e r  t h e  Messinian peak of t h e  A n t a r c t i c  g l a c i a t i o n  
(Kemp 1978) .  
Although c e r t a i n l y  s t i l l  incomplete ,  t h i s  ev idence  i n d i c a t e s  
t h a t  t h e  h e m i s p h e r i c  asymmetry  of t h e  g e n e r a l  c i r c u l a t i o n  w a s  
s u b s t a n t i a l l y  g r e a t e r  t h a n  it i s  now (Flohn 1978a) .  The shape 
and p o s i t i o n  of  t h e  c o n t i n e n t s  w a s  t hen  by and l a r g e  s i m i l a r  t o  
t h e  p r e s e n t  c o n d i t i o n s .  Large-sca le  g l a c i a t i o n  of t h e  n o r t h e r n  
c o n t i n e n t s  d i d  n o t  s ta r t  u n t i l  2.5 M a  ago,  t h e  format ion  of  
Arctic d r i f t  i c e  o n l y  a f t e r  t h a t  d a t e ,  abou t  2.3 M a  ago,  when 
t h e  m e l t i n g  w a t e r s  had produced a sha l low,  s t a b l e  low-sa l ine  
upper l a y e r  o f  t h e  A f c t i c  ocean (Herman 1977) .  F u r t h e r  ev idence  
f o r  an i c e - f r e e  A r c t i c  ocean b e f o r e  abou t  3  M a  ago i s  formed i n  
t h e  v e g e t a t i o n  boundar ies  d e s c r i b e d  by F r e n z e l  (1968) f o r  S i b e r i a  
and by Hopkim (1967, 1971 ) f o r  A r c t i c  North A m e r i c a  and t h e  
Chukchi pen insu la .  Thus, t h e  s imuZtaneous e x i s t e n c e  of  a  c o n t i -  
n e n t a l  i c e  dome i n  t h e  A n t a r c t i c  and a s u b s t a n t i a l l y  i c e - f r e e  
A r c t i c  ocean  i s  w e l l  e s t a b l i s h e d  f o r  t h e  p e r i o d  between, a t  least ,  
about  12 Ma u n t i l  2.5 Ma ago, c h a r a c t e r i z e d  by a h igh  deg ree  of  
s t a b i l i t y  i n  s p i t e  of  second-order climatic f l u c t u a t i o n s .  T h i s  
s t r a n g e  s i t u a t i o n  must have caused marked hemispher ic  c i r c u l a t i o n  
asymmetries of  bo th  t h e  atmosphere and t h e  ocean. 
I t  should  be added t h a t  t h e  worldwide f a u n a l  e x t i n c t i o n  a t  
5  t h e  end of t h e  Mesozoic (65 M a  ago) i n  a t i m e  span of some 10 , 
o r  " p o s s i b l y  as few a s  1 - loo" ,  y e a r s  has  r e c e n t l y  been i n t e r p r e t e d  
(McLean 1978) as having been caused by a sudden "greenhouse 
e f f e c t " ,  i . e .  by a p o s i t i v e  and r a p i d l y  i n c r e a s i n g  feedback 
between C 02  i n p u t  i n t o  t h e  atmosphere and ocean warming. The 
a u t h o r  i n t e r p r e t s  t h e  e x t i n c t i o n  as be ing  due t o  a  s e v e r e  damage 
of r e p r o d u c t i v e  cel ls  o r  o f  t h e  ca lc ium metabolism on account  o f  
i n c r e a s i n g  t empera tu re s ,  which i s  a l s o  evidenced by t h e  t h i n n i n g  
of  d inosau r  e g g s h e l l s .  I t  could  have been t r i g g e r e d  by a simul-  
taneous extinction of marine microfossils, e.g. of planktonic 
4 foraminifera in less than 10 years (Kent 1978), shortly before 
the extinction of dinosaurs (Butler et al., 1977; neither one is 
quoted by McLean). No interpretation of this event has been 
offered as yet. Certainly this is at present no more than an 
interesting speculative hypothesis. It contains, however, some 
remarkable parallels to what many scientists expect to happen 
in a foreseeable future. 
Some Implications of a Unipolar Climatic Asymmetry 
The coexistence of a fully glaciated Antarctic continent 
and an open Arctic ocean, for no less than ten million years, 
immediately before the Pleistocene, is indeed some discovery. 
It could be made because of the evidence accumulated during 
the Deep Sea Drilling Project with the "Glomar Challenger". 
This notion appears so contradictory to the traditional clima- 
tological views that hardly more than reluctant adoption can be 
expected. With no careful and critical survey of the vast geo- 
logical literature on a global scale being available at present, 
it is one of the most urgent tasks to pursue. This must be 
done, however, in cooperation between geologists and meteorolo- 
gists, with full knowledge of the basic laws of planetary cir- 
culation and their consequences. 
Attention must be paid, first of all, to the fundamental 
c i r c u l a t i o n  theorem found by V .  Bjerknes in 1897 (e.g. palm& 
and Newton 1969): in the three-dimensional baroclinic structure 
of the earth's atmosphere, temperature decreases with height and 
latitude, while atmospheric density decreases with height but 
increases with latitude. Not being parallel, isothermal and 
isopycnic surfaces cut each other at small angles, forming flat 
tubes (solenoids). According to the circulation theorem, in such 
a baroclinic field the intensity of a thermal circulation, which is 
driven by heating differences with latitude and height, depends 
only on the number of solenoids, i-e. on the temperature change 
(gradient) along an isopycnic surface. Since the slope of such 
surface is only 1:300 to 1:2000, the isopycnic temperature gra- 
d i e n t s  n e a r l y  e q u a l  t h e  h o r i z o n t a l  g r a d i e n t s .  On a r o t a t i n g  
p l a n e t ,  t h i s  thermal  c i r c u l a t i o n  i s  d i s t o r t e d  by t h e  C o r i o l i s  
f o r c e :  i n  t h e  e a r t h ' s  atmosphere,  t h e  zona l  ( E  - W) components 
of  motion,  i n t roduced  by t h e  e a r t h ' s  f a s t  r o t a t i o n ,  are much 
s t r o n g e r  t h a n  t h e  m e r i d i o n a l  and v e r t i c a l  components. 
It  cannot  be t h e  t a s k  of t h i s  r e p o r t  t o  o u t l i n e  t h e  p h y s i c a l  
concep t s  of  a tmospher ic  c i r c u l a t i o n  (see e.g.  Palm& and Newton 
1969) nor of o c e a n i c  c i r c u l a t i o n ;  t h e  l a t t e r  i s  d r i v e n ,  n e a r  t h e  
s u r f a c e ,  mainly  by t h e  wind, and i n  g r e a t e r  dep th  by s o l e n o i d s  
between s u r f a c e s  o f  c o n s t a n t  t empera ture  and d e n s i t y  (dependent 
on s a l i n i t y ) .  Note, however, t h a t  t h e  i n t e n s i t y  of  atmospheric  
c i r c u Z a t i o n ,  g iven  t h e  e a r t h ' s  r o t a t i o n  and t h e  composi t ion 
( d e n s i t y )  of  t h e  a tmosphere ,  depends f i r s t  of a l l  on t h e  m e r i -  
d i o n a l  temperature  d i f f e r e n c e  between t h e  equator  and t h e  po les .  
S e c t i o n  I I b :  The Role of  t h e  A n t a r c t i c  C o n t i n e n t a l  Ice Shee t  
(Table  I ) ,  h a s  shown t h a t ,  even today ,  t h e  equa tor -po le  tempera- 
t u r e  d i f f e r e n c e  i s  abou t  40% h ighe r  i n  t h e  sou the rn  t h a n  i n  t h e  
n o r t h e r n  hemisphere. 
For c o n s e r v a t i v e  e x t r a p o l a t i o n  of t h e  t empera tu re /he igh t  
r e l a t i o n  f o r  t h e  c a s e  of  an i c e - f r e e  A r c t i c  i n  w i n t e r ,  one can 
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assume (F igu re  22) an average  s u r f a c e  tempera ture  of +4 C ( i n -  
s t e a d  of  -34OC now!), and a m o i s t  a d i a b a t i c  l a p s e  r a t e  from t h e  
c loud  base  a t  abou t  950 mb up t o ,  a t  l e a s t ,  500 m b .  (Th i s  i n -  
s t a b i l i t y  p robably  l e a d s  t o  a coo l ing  of t h e  upper  t roposphe re ,  
e .g .  a t  300 m b  ( - 9  km) from - 5 8 O ~  now t o  about  -62OC. ) Thi s  
means an average t r o p o s p h e r i c  warming of 11. ~ O C .  A cor responding  
t r o p o s p h e r i c  warming of  o n l y  2 -3O~ can  be expec ted  f o r  summer, 
when t h e  s u r f a c e  i n v e r s i o n  i s  sha l low and unimportant .  
For t h e  300/700 mb l a y e r ,  assumed as  r e p r e s e n t a t i v e  f o r  a hemi- 
s p h e r i c  comparison (see S e c t i o n  I I b :  The Role of  t h e  A n t a r c t i c  
C o n t i n e n t a l  Ice S h e e t ,  and Table I ) ,  t h e  tempera ture  i n c r e a s e  i n  
0 
w i n t e r  i s  o n l y  +4OC, and t h e  summer i n c r e a s e  +2 C. A conserva- 
t i v e  annual  average  i n c r e a s e  of +3OC r e s u l t s .  I n  t h i s  case, t h e  
average  tempera ture  d i f f e r e n c e  of t h i s  l a y e r  would d e c r e a s e  t o  
24Oc between t h e  e q u a t o r  and t h e  North P o l e ,  b u t  s t i l l  remain 37Oc 
above t h e  sou the rn  hemisphere,  where it would be s l i s h t l y  more 
Figure 22. Actual winter temperatures above North 
Pole (NP) and South Pole (SP); estimated 
winter temperature above an ice-free 
North Pole. 
than SOX higher than in the northern hemisphere. Here the 
assumption is made that the greenhouse effect does not signifi- 
cantly alter the meridional temperature gradient: this is cer- 
tainly not quite realistic and subject to further revision. 
In such a unipolar temperature asymmetry, one fundamental  
quantity of the a t m o s p h e r i c  c i r c u l a t i o n  could be extrapolated. 
Remember that, in a rotating atmosphere, there are two funda- 
mentally different modes (palm& and Newton 1969) of meridional 
exchange of conservative properties, such as angular momentum or 
enthalpy. The first can be idealized as a helical motion within 
a latitudinal band, symmetric about the rotational axis, and 
driven by a thermal circulation in a meridional/vertical plane 
between the equator and the subtropics: this is the tropical 
circulation or Hadley cell. The exchange processes of the 
second mode in higher latitudes are mainly due to traveling and 
quasistationary eddies, advecting warm (cold) air poleward 
(equatorward) at both sides of a vortex or long wave, within a 
belt of westerlies: this belt, identical with the meandering edge 
of a huge polar vortex, is part of the extratropical or Ferrel cir- 
culation. "he average boundary between the two modes, which permanently 
interact in reality, is characterized by the b e l t  of s u b t r o p i c a l  
a n t i c y c Z o n e s  near the surface and by the maximum of baroclinic 
westerly winds (i.e. the subtropical jet stream) in the upper 
troposphere, both in almost coinciding position. 
It has been shown (Smagorinsky 1963) that stability or in- 
stability of eddies in a baroclinic current depends on a simple 
criterion related to the circulation theorem, i.e. the ratio 
between meridional temperature gradient and vertical lapse rate. 
Since the latter depends mainly on the water vapor content of 
the atmosphere (see below), the behavior of the eddies is by and 
large controlled by the meridional temperature gradient: they 
tend to be unstable in the Ferrel circulation, but stable in the 
Hadley cell where the meridional temperature differences are 
weak. Then the latitude-dependent threshold of the so called 
2-criterion indicates, at the same time, the seasonally varying 
position of the subtropical belt (I$~~~). $STA is given by the 
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Figure 23. Latitude of the subtropical anticyclonic belt 
in every month versus actual equator-pole 
temperature difference; for monthly data for 
300/700 mb layer see Flohn (1967); for both 
subtropical anti.cyclonic belts see Pflugbeil 
(1967). 
following relation, with r = earth's radius, h = scale height 
of the atmosphere, O = potential temperature, y(z) = meridional 
(vertical) coordinate, and STA = subtropical anticyclone: 
Korff and Flohn (1969) have verified this theoretical con- 
cept2 using monthly averages of many years of both latitude @ STA 
of subtropical anticyclones and the meridional temperature 
gradient at the 300/700 mb layerfin both hemispheres. With 
correlation coefficients above 0.85,' this relation describes 
remarkably well the seasonal variation and the actual hemispheric 
asymmetry of eSTE (Figure 23). 
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2 ~ h e  2-criterion has recently been criticized by Greenhut, who 
has demonstrated that it leads to incorrect results when applied 
to tropical latitudes during northern summer, when the average 
meridional temperature gradient reverses. Here it is only 
applied to the atmospheric circulation in subtropical and 
temperate latitudes; the empirical verification given above 
leaves no doubt about its applicability in this general case. 
lat 1 
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Figure 24. Latitudinal position of the subtropical 
anticyclonic belt as a function of verti- 
cal stability y and of the meridional 
temperature gradient aT/ay (Flohn 1964) . 
The role of the lapse rate 60/6z should be taken into 
account; as early as in 1964 a diagram (Figure 24) was pub- 
lished (Flohn 1964b) demonstrating this effect: an increase in 
the lapse rate would reduce $STA. A quite similar diagram was 
published later by Bryson (cf. Williams 1978, p. 151). But there 
are two factors that impede simple quantification by means of 
Manabe-Wetherald's diagram (1975, see Figure 6): 
1.   he ore tical considerations leave it open if 6T/6y in 
Figure 24 can be taken as a linear average between the 
equator and the pole or as the highest value in the sub- 
tropical baroclinic zone (which has been preferred by 
Flohn, 1964) ; 
2. Simplified introduction of clouds into the Manabe- 
Wetherald (1975) model yields discontinuities in the 
tropospheric lapse rate below 300 mb (Figure 6), which 
make it difficult to use the quantitative estimate in 
the formula above. 
The combined role of meridional and vertical temperature gradients 
with respect to the Z-criterion merits further investigation. 
A simple extrapolation based on the temperature distri- 
bution above an ice-free Arctic (Figure 22), with the tempera- 
tures above the equator and the South Pole unchanged, would 
yield only a small northward displacement of the subtropical 
anticyclonic belt. However, neglecting the 700/1000 mb layer, 
in which most of the warming (+21°c) occurs, leads to unrealistic 
results. The Z-criterion is based on the concept of baroclinic 
instability; the slope of the 300 mb surface, which is 
representative of tropospheric baroclinicity (or the temperature 
gradient), depends on the temperature pattern of the troposphere 
as a whole. Since there is no way of realistically estimating 
the 700/1000 mb layer at the Antarctic (where it is completely 
under the surface), one may use more realistic values, valid for 
the 300/1000 mb layer, to estimate the temperature increase above 
the Arctici +l l0c in winter, +3Oc in summer, and +7Oc the year 
round. This would yield an annual shift of the northern subtrop- 
ical high-pressure belt (Figure 23) from now lat 37O to lat 43-45O, 
with the location of the southern subtropical belt remaining un- 
changed (31°s). In summer, the shift would reach probably not much 
farther than 100 or 200 km, but in winter the subtropical belt may 
be displaced by some 800 km or even farther north. This would 
drastically reduce the extension of the subtropical belt of winter 
rains, now supplying California, the Mediterranean, the Middle 
East up to Turkestan (U.S.S.R.), and the Punjab. The belt 45-50°N 
would probably be frequently affected by summer droughts. 
Such an asymmetric d isplacement  of the northern STA to- 
gether with a constant southern STA would also shift the average 
position of the "meteorological equator" to lat 9-1 oON, from 
0 its actual position of 6 N. In this case, in northern winter, 
penetration of the equatorial rain belt across the mathematical 
equator into the southern hemisphere would occur probably only 
occasionally; its seasonal displacement would be restricted to 
the belt between the equator and lat 20°N. As a consequence, 
tropical summer rains south of the equator would decrease 
markedly, eventually leading to natural desertification in many 
countries of the belt at 0-20~s. This would probably be aggra- 
vated by more frequent and more intense equatorial upwelling, 
causing a drastic reduction of oceanic evaporation in this belt, 
especially in northern summer/southern winter, when the meteoro- 
logical equator reaches its northernmost position. In this 
case, strong equatorial upwelling can be expected to arise 
permanently (no El ~ i s o  situations any more), at least in the 
Pacific and Atlantic oceans. For the equatorial Indian Ocean, no 
convincing 'evidence of past (or present) upwelling is available. 
In the big oceans, the position of the equatorial upwelling 
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zone is controlled by the disappearance of the Coriolis force at 
the mathematical equator. Since no meridional climatic shift is 
possible here, this zone can serve as a marker for latitudinal 
shifts of tectonic plates (Winterer 1973). A different view ex- 
pressed by Kozur (1976) results from a misunderstanding of the 
geophysical background of oceanic upwelling along the equator, 
which never coincides with the atmospheric intertropical conver- 
gence zone .(see Section IIc: Equatorial Upwelling, El ~i.50, and 
Hydrologic Balance). 
In the present Sudan-Sahel be lt, between about lat   ON - 18' 
(or perhaps 2o0~), an increase in precipitation could be possible. 
However, this conclusion is based on only one argument: the north- 
ward shift of planetary climatic belts. But the actual seasonal 
advance of the rainfall belt in summer in Africa is remarkably 
small, most probably on account of the tropical easterly jet 
which, in an area of decreasing speed, forces the air beneath to 
subside (Flohn 1964a, 1966). This effect should also persist 
during an ice-free Arctic ocean (see below). Another essential 
prerequisite, if one follows the convincing model studies by 
Charney (1 975) and many others, would be conservation of vegeta- 
tion that might reappear because of expanding summer rains, i.e. 
its protection against overgrazing and other desertification pro- 
cesses triggered by man. 
In the monsoon area of southern Asia, the planetary circula- 
tion patterns are disturbed and largely controlled by the exis- 
tence of the mountain area north of the Himalayas. Here any 
rational attempts at predicting the effects of disappearing Arc- 
tic sea ice seem to be impossible. Since the late Tertiary, the 
altitude of the giant mountain block in this area has .increased 
considerably--vertical motions are still going on, and climato- 
logical evidence from a period when the Himalayas did not exist 
can certainly not be taken as resembling what could be expected 
under present boundary conditions. Striking evidence for uplift- 
ing is the Tibetan plateau, whose weak rolling topography has 
been raised from near sea level in the Late Tertiary to a present 
altitude of 4-5 km. Being an elevated heat suurce, it controls 
the tropical easterly jet (Flohn 1964, 1968) and the entire mon- 
soon circulation between western Africa and the Philippines. In 
this wide area, the influence of an ice-free Arctic could be 
rather weak or even negligible in summer. In winter, a northward 
displacement of the subtropical jet of lat 5-6O (like in other 
longitudes, see p. 83) could mean wintertime disturbance across 
the whole of southern Asia, perhaps with increasing rainfall in 
areas as remote as Chinese Turkestan, but with decreasing winter 
rain south of the Himalayas. 
After a possible disappearance of the central core of the 
Arctic drift ice, one of the first consequences in the cold 
season would be the formation of a baroclinic zone along the 
northern coast of the continents, between the cold air contin- 
uously formed above the snow-covered land and the relatively 
warm air above the open Arctic ocean. It must remain an open 
question as to what extent coastal ice, and perhaps also a thin 
3 
seasonal mid ocean ice cover, could form. In any case, the 
rate of snowfall along thenor~ern coas.ts of the continents and 
Arctic islands would be enhanced by such a development. In 
summer, the low-level stratus now above the melting ice could 
probably disappear, and the thermal circulation arising between 
the heated continents and the relatively cool water could pro- 
3 ~ h e  development of a thin drift ice cover during winter has 
recently (April 1979) been suggested in a model investigation by 
S. Manabe, assuming a four-fold increase in C02. As a transi- 
tional phase, this seems plausible; some contrasting arguments 
are the enormous heat storage of an open Arctic ocean during 
summer and the expected frequency of deep cyclones and gales 
during the cold season. 
duce a d i s t i n c t  predominance of a n t i c y c l o n i c  s i t u a t i o n s  above 
t h e  A r c t i c  ocean,  now w i t h  subsidence and l i t t l e  c loudiness .  
Changes i n  t h e  global  water  budget (see Sec t ion  IIc: 
Equatorial Upwelling, E l  Nizo, and Hydrologic Balance) a r e  d i f  f i -  
c u l t  t o  es t imate .  While a weaker t r o p i c a l  c i r c u l a t i o n  can be 
assumed f o r  t h e  moderate w a r m  phases  cons idered  i n  Chapter V: 
A Global Warming Scena r io  Based Upon P a s t  Cl imates ,  evidence 
from p a s t  c l i m a t e s ,  based on s i g n s  of i n c r e a s i n g  a r i d i t y  i n  t h e  
La te  T e r t i a r y  a r e  unambiguous; even more s o  s i n c e  t h e  peak of 
A n t a r c t i c  g l a c i a t i o n ,  t o g e t h e r  wi th  t h e  e u s t a t i c  drop  of t h e  
s e a  l e v e l ,  a l s o  reduced t h e  evapora t ing  ocean a r e a .  I f  one 
assumes s t r o n g  upwelling f o r  on ly  s i x  months of t h e  southern  
win te r  a lone ,  t h e  l o s s  due t o  t h i s  e f f e c t  i s  3 0 x 1 0 ~  km3/a. On 
t h e  o t h e r  hand, an  i c e - f r e e  Arctic ocean would evapora te  much 
f a s t e r  t han  now, when t h e  evapora t ion  i s  only  i n  t h e  o rde r  of 
5-10 cm/a, On t h e  assumption of a r a t h e r  l a r g e  i n c r e a s e  i n  eva- 
3 3 p o r a t i o n  by +I00 cm/a, t h i s  would y i e l d  no more than  10x10 km / a  
7 2 f o r  an a r e a  of 10 km . The ex tens ion  of t h e  southern  b e l t  t o  
l a t  0-20°s, t h e  d isp lacement  of t h e  no r the rn  STA t o  l a t  35-45ON 
( o r  even f a r t h e r )  would--also based on t h e  incomplete evidence 
from p a s t  c l imates--support  a g e n e r a l  i n c r e a s e  i n  a r i d i t y ,  with  
a g l o b a l  l o s s  of water  on t h e  o r d e r  of a t  l e a s t  4-58. 
The p rospec t s  of  a worldwide r i s e  of  t h e  sea l e v e l  a s  a 
p o s s i b l e  consequence of g l o b a l  warming must be  cons idered  
q u a n t i t a t i v e l y .  Melt ing o f  d r i f t i n g  sea- ice  does  n o t  change t h e  
sea  l e v e l  a t  a l l ;  f l o a t i n g  ice i s  i n  s t a t i c  equ i l ib r ium wi th  
wa te r ,  l i k e  an  ice cube i n  a g l a s s  of  whisky. I n  t h e  human t i m e  
s c a l e  (of -100 y e a r s ) ,  any worldwide s e a  l e v e l  rise could only  
be  caused by l a r g e - s c a l e  surges  of c o n t i n e n t a l  ice caps ,  e .g .  
5 3 on t h e  o r d e r  of 10 km o r  more, l ead ing  (wi th  a d e n s i t y  of 
3 a lmost  0.9) t o  a 25 an s e a  l e v e l  rise per  l o 5  km i c e  melted.  
Only one a r e a  i s  prone t o  such a surge:  it i s  t h e  "western" 
p a r t  of A n t a r c t i c a  (between South America and long 1 50°w) , 
s i t u a t e d  on a rock basement l a r g e l y  below s e a  l e v e l .  Surges 
of  t h i s  o r d e r  have been suggested f o r  t h e  19 th  century  (Lamb 
1967) a s  w e l l  a s  f o r  t h e  p o s t g l a c i a l  per iod  (Wilson 1978) , and 
t h e  p r o b a b i l i t y  of such an even t  may i n c r e a s e  w i t h  g l o b a l  warming. 
There seems to be agradual transition between such surges (of 
unknown time-scale!) and extended calving of existing ice shelves. 
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Possibly more interesting are surges on the order of 2x10~ km , 
equivalent to a sea-level rise of 5 m; the last event of this 
kind may have occurred about 110,000 years ago (Hollin) or, with 
more widespread evidence, about 125,000 years ago (Mercer). The 
risk of such a large-scale sea-level rise probably produced by a 
mechanism of calving bays as described by Hughes (1977, p.43), 
seems to be small, but certainly not'zero (see Section IIb); 
more detailed investigations must again be recortiinended, as well 
as a continuous survey of Antarctic ice shelves. 4 
The possiblity of a significant melting of continental ice 
caps (e. g. Greenland, Antarctic) is also rather small. The sur- 
face of the Antarctic ice cap, with temperatures between -20°c 
and -70°c and an albedo of 80-901 can be considered stable; even 
a very marked warming by a strongly increased transport of warm 
air would not suffice to cause significant melting (or evaporation). 
After a possible disappearance of the Arctic sea ice, Greenland 
(lat 60-83O~) would be affected by some warm-season melting (at 
least at its southern part), but it would also receive much 
greater winter snowfall due to increased cyclone activity. It 
is difficult to estimate the ratio of both processes without 
model computations. But in the worst and rather unlikely case, 
an estimated annual net loss of as much as 50 cm water equivalent 
would cause an additional sea level rise of 2.5 mm/a, as compared 
with the present value of 1.2 mrn/a. 
As a result of these considerations, the probability of a 
catastrophic or even only appreciable rise of the sea level for 
the next 100 years seems small (estimated at 1% or less), much 
smaller than the probability of a large-scale shift of climatic 
belts due to global warming, but is certainly not negligible. 
4 ~ h e  possible time-scale of such a disintegration can be on the 
order of 100-200 years, equivalent to an average sea-level rise 
on the order of 2-5 cm/year. This is suggested by a similar 
event caused by the catastrophic incursion of the sea into the 
present Hudson Bay about 7800 BP (Andrews et al. 1972) simultan- 
eous with an observed eustatic sea-level rise of 7-10 m over 200 
years at the coasts of NW England (Tooley 1974) and SW Sweden 
(Morner 1976). 
CONCLUSIONS 
Small changes of t h e  g l o b a l  average  tempera ture  (Table  3) 
a r e  u t t e r l y  mis l ead ing  f o r  t h e  g e n e r a l  r e a d e r .  A t empera ture  
drop  o f  1°c n e a r  t h e  n o r t h e r n  boundary of  a g r i c u l t u r e  ( a f f e c t i n g ,  
e .g . ,  wheat i n  n o r t h e r n  Canada, o r  hay i n  I c e l a n d )  may reduce t h e  
growing season by s e v e r a l  weeks, w i th  d e t r i m e n t a l  r e s u l t s  on 
h a r v e s t s .  Even more e s s e n t i a l  a r e  t h e  accompanying changes i n  
t h e  f requency of  extremes of  t h e  we&hher i n  lower and middle 
l a t i t u d e s ,  of  long  and c o l d  s p r i n g s ,  o f  c o o l  and w e t  summers, 
etc. According t o  t h e  p r e s e n t  s t a t e  of t h e  ar t ,  a sudden c o o l i n g ,  
similar t o  t h o s e  t h a t  occur red  d u r i n g  t h e  L i t t l e  Ice Age and i t s  
forerunners ,  cannot  be  excluded s i n c e  n a t u r a l  e f f e c t s  (see Chapter  
11: I n t e r n a l  Cl imatogene t ic  P rocesses )  a r e  a t  p r e s e n t  s t i l l  un- 
p r e d i c t a b l e .  The most c a t a s t r o p h i c  y e a r s  w e r e  those of 1316, 1430, 
and 1570, and i n  t h e  1690s and 1780s, t h e  l a t t e r  appa ren t ly  
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a f f e c t i n g  Europe , North America, a s  w e l l  a s  Japan.  The European 
r e v o l u t i o n s  of 1789 and 1848 occur red  a f t e r  sequences of y e a r s  
w i th  bad weather ,  bad h a r v e s t s ,  and h igh  c e r e a l  p r i c e s ;  some of 
t h e  most s e v e r e  c l i m a t i c  and economic c o n d i t i o n s  w e r e  r e p o r t e d  
i n  t h e  y e a r s  fo l lowing  some of t h e  h e a v i e s t  v o l c a n i c  e r u p t i o n s ,  
e.g.  a f t e r  1766, 1783, 1815, and f i n a l l y  1883. 
The problem of natural cZimatic fluctuations due t o  t h e  
vary ing  f requency and i n t e n s i t y  of v o l c a n i c  exp los ions  m e r i t s  
some d i s c u s s i o n .  A s  f a r  a s  can be seen ,  t h i s  e f f e c t  a lone  cou ld ,  
w i t h  a c e r t a i n  degree  of p r o b a b i l i t y ,  c o u n t e r a c t  t h e  e v o l u t i o n  
o u t l i n e d  i n  t h i s  admi t t ed ly  one-eyed s c e n a r i o  (see t h e  b a s i c  
assumptions g iven  i n  Chapter  I: Natu ra l  and Man-Made Climato- 
g e n e t i c  E f f e c t s ,  p. 6 ) . Lamb (1 970, 1977b) has  demonstrated 
t h e  t ime v a r i a b i l i t y  of v o l c a n i c  e r u p t i o n s  u s i n g  an e s t ima ted  
Dust V e i l  Index (F igu re  25) .  There i s  l i t t l e  doubt  t h a t  t h e  
peaks of v o l c a n i c  a c t i v i t y  by and l a r g e  c o i n c i d e  wi th  s e r i e s  of 
' ~ h e s e  d a t a  have been d e r i v e d  from h i s t o r i c a l  r e c o r d s  i n c l u d i n g  
a comparison of some 25 long series of c e r e a l  p r i c e s  (.1200-1790) 
i n  nor thwes t  and c e n t r a l  Europe. A d e t a i l e d  s tudy  i s  i n  p re -  
p a r a t i o n ;  c f .  a l s o  t h e  documented evidence g iven  by Ladurie  
(1971) ,  Lamb (1977) ,  and many o t h e r s .  

particularly cool years (and especially cool summers); their 
role in climatic history, perhaps at all time-scales (Figure 191, 
can hardly be overrated. Volcanic eruptions are very difficult 
to forecast, as has been confirmed by recent examples; such 
forecasts are virtually impossible beyond the time-scale of weeks 
or months. At the global scale, the geophysical concept of plate 
tectonics has contributed much to a better understanding: mid- 
oceanic rift systems burst, hot material ascends and erupts in 
individual volcanoes, and plates move horizontally towards the 
continents where they are subdued by heavy earthquakes. In 
recent years series of unusually severe earthquakes have occurred, 
all of them along well-known active tectonic zones, but the vol- 
canic activity has remained moderate. Should we soon expect an 
increased frequency of really heavy volcanic explosions? There 
is no answer to this question, but volcanologists would be hardly 
surprised if this was to happen. An example of the discontinuous 
manifestations of the slow plate motion--which is probably 
responsible for the observed clustering of volcanic (and seismic?) 
events--recently occurred at the mid-Atlantic rift system crossing 
Iceland. In April 1977 two innocent looking, but steaming, 
parallel cracks with a diameter of about 1 m each formed in the 
Myvatn area, and a geothermal power station, just before comple- 
tion, lost its resources. 
Since volcanic activity is unpredictable to date, a stati- 
stical technique can be used to estimate the probability of a 
cooling episode like in the Little Ice Age over the next 100 
years. Using Figure A 31 in the excellent report on Unders tand ing  
C l i m a t i c  Change issued by the U.S. National Academy of Sciences 
(1974), one can estimate the probability of an event that may 
occur randomly once every 1000 years over the following 100 years 
to be about 10-20%. However, this estimate only indicates an 
order of magnitude, although disregarding such a probability would 
be irresponsible. 
Before this background, our s c e n a r i o  leads to the following 
c o n c l u s i o n s :  if the atmospheric C02 content continues to rise, 
and if other man-made.trace gases add another 50% (or more) to 
t h e  greenhouse e f f e c t  of i n f r a r e d  absorp t ion ,  developments I 
s i m i l a r  t o  those  o u t l i n e d  i n  Chapter V: A Global Warming Scenario 
Based Upon P a s t  Cl imates ,  must eventua l ly  be expected. The Eem 
per iod  may se rve  a s  a f i r s t  guide t o  what might happen i f  t h e  
( r e a l )  C02 con ten t  r i s e s  t o  about 500-550 ppm; i f  t h e  e f f e c t  of 
- 
o t h e r  t r a c e  gases  were n e g l i g i b l e ,  t h e  r e l e v a n t  th resho ld  of t h e  
" v i r t u a l "  C02 c o n t e n t  would be about  600-700 ppm. A s  t h e  Manabe- 
Wetherald model (F igure  6 )  i n d i c a t e s ,  a doubling of t h e  C02 con- 
t e n t  should be accompanied by q u i t e  s e r i o u s  r eg iona l  consequences, 
some of them benign, bu t  o t h e r s  d e l e t e r i o u s .  
The r e a l  danger,  however, i s  r e l a t e d  t o  t h e  p o s s i b l e  conse- 
quences o u t l i n e d  i n  Chapter V I :  I c e  Free A r c t i c  Versus Glac ia ted  
Anta rc t i c?  Can w e  s t o p  a t  a C 0 2  con ten t  between 550 and 750 ppm? 
Since t h e  necessary t ime of t r a n s i t i o n  from one energy system t o  
ana the r  i s  on t h e  o rde r  of s e v e r a l  decades (Hafele and Sassin 
1977a,b) ,  it w i l l  soon be too  l a t e  f o r  any e f f e c t i v e  countermeasures. 
The r e p o r t  of a working group of s p e c i a l i s t s  (Williams 1978, p.315) 
s t a t e s  t h a t  "mankind needs and can a f f o r d  a t i m e  window of between 
5 and 10 yea r s  f o r  vigorous re sea rch  and planning ... t o  j u s t i f y  
a major change i n  energy p o l i t i c s . . . " .  A t  a f i r s t  g l ance ,  t h e  
idea  of a p l a n e t  with one pole  heavi ly  g l a c i a t e d  and t h e  o t h e r  
i ce - f ree  looks s o  f a n t a s t i c  and inconceivable  t h a t  t h e  emotional 
r e s i s t a n c e  a g a i n s t  it, e s p e c i a l l y  among n o n s c i e n t i s t s ,  w i l l  be 
- 
d i f f i c u l t  t o  overcome. There i s  no doubt t h a t  exac t ly  t h i s  
p a t t e r n  had e x i s t e d  and was s t a b l e  f o r  a per iod  of t e n  m i l l i o n  
yea r s ;  t h i s  i s  e s t a b l i s h e d  a s  a f a c t  and n o t  a s  f i c t i o n .  
I t  goes beyond t h e  c a p a b i l i t y  of a c l i m a t o l o g i s t ,  f a m i l i a r  
wi th  t h e  h i s t o r i c a l  and geophysical  background of h i s  sc ience ,  t o  
p r e d i c t  t h e  t ime sequence of f u t u r e  C02 i n c r e a s e  and temperature 
r i s e .  This  depends on economic and p o l i t i c a l  d e c i s i o n s  o u t s i d e  
h i s  l e v e l  of knowledge and experience.  A s  a f i r s t  guide  t o  
d i f f e r e n t  C02 growth r a t e s ,  t h e  r eader  i s  r e f e r r e d  t o  Figure 8. 
Taking i n t o  account a l l  u n c e r t a i n t i e s ,  e s p e c i a l l y  with r e s p e c t  t o  
t h e  r o l e  of t h e  biosphere and t h e  oceans, s p e c i a l i s t s  agree  t h a t  
an  inc rease  i n  atmospheric C02 by a f a c t o r  of 3-6 can be expected 
over t h e  next  100 yea r s  ( f o r  r e fe rences  s e e  p. 34) .  
From a c l i m a t o l o g i c a l  p o i n t  of view, t h e  d e c i s i v e  threshold  
of t h e  r e a l  C 0 2  l e v e l  should be somewhere between 550 and 750 ppm; 
t h a t  of t h e  v i r t u a l  C 0 2  l e v e l  i s  somewhat h igher ,  e.g. between 
800 and 1000 o r  1100 ppm. Above t h i s  t h r e s h o l d ,  t h e  p r o b a b i l i t y  of 
an evo lu t ion  toward a s i t u a t i o n  a s  descr ibed  i n  Chapter V I  i n -  
c r e a s e s  rapidly--a development of t h i s  kind could occur  q u i t e  
ab rup t ly ,  i .e.  i n  a matter of a few decades ( o r  less) ,  and would 
then  be i r r e v e r s i b l e .  S ince  t h i s  s i t u a t i o n  had been maintained, 
under pure ly  n a t u r a l  c o n d i t i o n s ,  over a per iod  of no less than  
t e n  m i l l i o n  yea r s ,  it would a l s o  be s t a b l e ,  a f t e r  i t s  f i r s t  
reappearance.  What has happened can happen again:  it would, 
a f t e r  a series of  c a t a s t r o p h i c  weather extremes, l e a d  t o  a n e a r l y  
inconceivable  displacement  of climatic zones by 400-800 krn ( o r  
more) ,  d e f i n i t e l y  a f f e c t i n g  mankind a s  a whole. 
The author  f i rmly  b e l i e v e s  t h a t  t h i s  r i s k  i s  unacceptable 
and must be avoided even a t  very high c o s t .  I t  i s  a t  l e a s t  a s  
l a r g e  a s  b u t  probably much l a r g e r  than a l l  t h e  r i s k s  involved i n  
t h e  ( t r a n s i t i o n a l )  use  of nuc lea r  energy under s p e c i a l  pre- 
cau t ions .  I t  can be avoided i f  dec i s ions  regarding t h e  f u t u r e  
energy p o l i c i e s  and a l l  t h e i r  consequences a r e  c a r e f u l l y  planned 
and can be executed, under an i n t e r n a t i o n a l  agreement, without  
undue de lay .  
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